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(54) Modification of pertussis toxin. 

(57) The three-dimensional structure of crystalline 
pertussis holotoxin (PT) has been determined 
by X-ray crystallography. Crystal structures 
have also been determined for complexes of 
pertussis toxin with molecules relevant to the 
biological activity of PT. These three-dimen- 
sional structures were analysed to identify func- 
tional amino acids appropriate for modification 
to alter the biological properties of PT. Similar 
procedures may be used to predict amino acids 
which contribute to the toxicity of the holotoxin, 
to produce immunoprotective, genetically- 
detoxified analogs of pertussis toxin. 
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The present invention relates to a method for the prediction of functional amino acid residues in pertussis 
toxin t in order to manipulate the biological properties of the toxin, by determination of and examination of the 
crystal structures of the toxin alone and of complexes of the toxin with molecules relevant to its biological ac- 
tivity, including carbohydrate ligands, nucleotide effectors and substrates. 

5 Whooping cough, or pertussis, is a severe, highly contagious respiratory disease of infants and young chil- 

dren caused by infection with Bordetella pertussis. Owing to the many virulence factors associated with this 
organism, the pathogenesis of the disease is still not fully understood; however, it is generally recognised that 
major systemic effects are caused by pertussis toxin (PT). This material exhibits a wide range of biological 
activities, as illustrated by such alternative names as lymphocytosis- promoting factor, histamine-sensitising 

w factor and islet-activating protein (ref. 1- a list of the references appears at the end of the disclosure, each of 
which reference is incorporated herein by reference thereto). 

PT is a 105-kDa exotoxin encoded by the tox operon and consists of five polypeptide subunits (S1 to S5) 
arranged in an A-B structure typical of some bacterial toxins. The S2, S3, S4, (two copies) and S5 subunits 
form a pentamer (the B oligomer) which when combined with the S1 subunit forms the holotoxin. S1 is an en- 

15 zyme with ADP-ribosyltransferase and NA D-g I yco hydrolase activities. Its natural function is to catalyse the 
transfer of the ADP-ribose portion of nicotinamide adenine dinucleotide (NAD) to the membrane-bound gua- 
nine nucleotide-binding negative regulatory G-protein of adenylate cyclase (Gj), resulting in an increase in cy- 
clic-AMP synthesis. This activity, which is the primary cause of PT toxicity, can be conveniently examined in 
vitro using as substrate the retinal G-protein transducin, which is a close analogue of G f (ref. 2). Such studies 

20 have demonstrated that PT is activated by adenine nucleotides, in particular by adenosine triphosphate (ATP) 
(refs. 3,4), while S1 itself is active only in the presence of thiols, such as dithiothreitol, that are required to re- 
duce the single disulfide bond of S1 (ref. 5). 

The B oligomer mediates the binding of the holotoxin to target cells and facilitates entry of the A protomer. 
PT has lectin-like properties, binding to glycoconjugates on many cell surfaces and to the oligosaccharide moi- 

25 eties of many serum glycoproteins (refs. 6,7). It has been reported that the toxin preferentially recognizes as- 
paragine-linked oligosaccharide chains containing (2a-6)-linked sialic acid residues (ref. 6). However, a number 
of complex carbohydrate sequences are bound, and there is evidence that PT contains at least two binding 
domains with different specificities on each of the subunits S2 and S3 (refs. 7,8). 

Several studies have indicated that PT is a major protective antigen against pertussis. Thus, purified, tox- 

30 aided PT protects mice against both intracerebral and respiratory challenges with B. pertussis (refs. 9,10). 
Polyclonal anti-PT antisera and some anti-PT monoclonal antibodies also protect against challenge (refs. 
9,10,11). Furthermore, a mono-component pertussis vaccine containing chemically toxoided PT showed effi- 
cacy in a human clinical trial (ref. 12). 

Defined whooping cough vaccines have been produced by the isolation of antigens from cultures of B. 

35 pertussis. Of the antigens present in acellular vaccines, only PT is toxic. Detoxification of PT has been per- 
formed by non-specific chemical modification with formaldehyde, glutaraldehyde, hydrogen peroxide, tetrani- 
tromethane and ethyleneimine. Treatment of PT with formaldehyde results in a reduction in immunogenicity 
and the loss of important protective epitopes, and hydrogen peroxide and tetranitromethane detoxification 
processes have been shown to significantly reduce the immunogenicity of the molecule. Furthermore, pro- 

40 longed treatment with glutaraldehyde results in whole-cell pertussis vaccines with low potency. Of further con- 
cern is the reversion of formalin-inactivated PT toxoids to toxicity. However, PT can be irreversibly detoxified 
with appropriate concentrations of glutaraldehyde (ref. 13) . Such problems of reduced immunogenicity and 
residual toxicity have been addressed by genetically manipulating the tox operon to produce inactivated PT 
analogs (refs. 14,15). 

45 The tox operon has been cloned and sequenced from several strains of B. pertussis, and consists of a 

single promoter and a polycistronic arrangement of the subunit genes in the order S1, S2, S4, S5 and S3. To 
remove the enzymatic activity of S1 , functional amino acids within the subunit were proposed on the basis of 
biochemical studies or sequence comparisons with other bacterial toxins and subjected to in vitro mutagenesis. 
Truncated S1 proteins were produced in Escherichia coli and used to demonstrate that the amino terminus of 

so S1 is required for enzymatic activity. An important region was located between Tyr-8 and Pro-14 with an amino 
acid sequence similar to sequences in cholera toxin (CT) and E. coli heat-labile toxin (LT) (refs. 16,17). Amino 
acids in this region that contribute to the ADP-ribosyltransferase activity of PT were identified by substitution 
mutagenesis. In particular, the Arg-9 to Lys-9 replacement was found to greatly reduce enzymatic activity (ref. 
18). A second region of S1, located between Val-51 and Tyr-59, is also conserved in CT and LT This region 

55 was also mutated and some of the residues were shown to be involved in the toxicity of PT, including Ser-52 
and Arg-58 (refs. 15,19). The glutamic acid residue at position 129 in the S1 subunit was identified as a residue 
involved in catalysis or NAD binding (ref. 20), and substitution at this site resulted in a substantial reduction 
in nzymatic and toxic activities. PT has also been detoxified by mutating Trp-26, His-35 and Cys-41 (ref. 15). 
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Pertussis toxin has also been detoxified by modification of its cell binding properties, for example by de- 
letion of Asn-105 in the S2 subunit and Lys-105 in the S3 subunit and by substitution of the Tyr-82 residue in 
S3 (refs. 21,22). However, the characteristics of the carbohydrate binding sites are imperfectly understood, 
and a definitive application of this approach has not yet been achieved. Since the molecular mechanism by 

5 which PT exerts its various biological activities are still not completely understood, other methods for identi- 
fying functional amino acid residues are also useful. 

One such method of the present invention is based upon examination of the three-dimensional (3D) struc- 
ture of PT. A useful embodiment of this approach is to relate previously determined features of the functional 
sites of PT to the observed structural geometry in order to provide greater insight into the underlying molecular 

10 mechanisms. This permits the rational mutation of PT at preselected sites to maximize (for example) detoxi- 
fication but retain immunogenicity. In particular, it allows for modifying PT at sites differently involved in the 
biological activity of PT. Another embodiment of this approach is to compare the 3D structure of PT with those 
of other bacterial toxins with some functional and/or structural resemblance to PT. These include diphtheria 
toxin (DT) (ref. 23), Pseudomonas exotoxin A (ETA) (refs. 24,25), the heat-labile toxin of E. coli (LT) (refs. 27,28) 

15 and verotoxin-1 (VT) (ref. 29). 

A particularly useful application of the crystallographic method is to examine the 3D structure of crystalline 
complexes of PT with molecules relevant to its biological activity. In this way, the amino acid residues of PT 
responsible for interaction with such ligands can be determined by direct inspection, allowing rational strategies 
to be developed for their replacement or modification in order to alter the biological activities of PT. 

20 Suitable examples of such molecules are carbohydrates representing the natural ligands for PT found as 

components of cell-surface glycoconjugates. Some of the characteristics of PT-binding glycosyl chains have 
been determined by direct binding studies of PT or PT subunits to glycoproteins, glycolipids and cell surfaces 
(refs. 6,7,8), or by competitive inhibition of the binding or biological activity of PT by small oligosaccharides 
(refs. 6,7,30). Examples of oligosaccharides that might be expected as a result of such work to form defined 

25 complexes with PT are shown in Table 1 below (The Tables appearatthe end of the disclosure). Once the amino 
acids responsible for interaction with these ligands have been identified, they may be modified (for example, 
by mutagenesis) to enhance or diminish this interaction and thereby alter the biological activities of PT. 

Other examples of functionally relevant PT binding molecules are effectors, such as ATP, and substrates, 
such as NAD, transducin or other G-protein. Since synthetic peptides representing the C-terminal 20 amino 

30 acids of the a-subunits of transducin and other G-proteins have been shown to be substrates for the ADP- 
ribosyltransferase activity of PT, these molecules are also candidates for the generation of crystalline com- 
plexes with PT. In so far as NAD itself can be hydroiysed by PT, it may be preferable to seek a non-hydrolysable 
or poorly hydroiysed analog of NAD for the purpose of forming a stable complex amenable to X-ray crystal- 
lography. Alternatively, the study can be performed using a PT analog with inherently low catalytic activity, 

35 such as that in which the Glu-129 residue of S1 has been replaced by Gly (ref. 15). Moreover, since ligands 
are expected to bind to defined regions of the protein surface, it may not be necessary to employ the holotoxin 
in every case. For example, information on the binding sites of NAD or transducin may be obtained by exam- 
ining the crystal structure of complexes with the isolated S1 subunit. 

In accordance with one aspect of the present invention, there is provided a method of predicting at least 

40 one site contributing to the biological activity of pertussis holotoxin, which comprises analyzing a three- 
dimensional structure of crystalline pertussis holotoxin determined by X-ray crystallography in relation to 
known information concerning protein structure and function to identify the at least one site. 

Such a biological activity of pertussis holotoxin may include toxicity, cell-binding, mitogenicity, enzymatic 
activity and adjuvanticity of the pertussis holotoxin. The at least one site which is predicted by the method pro- 

45 vided herein may comprise a single amino acid or a sequence of amino acids. 

Such analyzing step may comprise comparing the three-dimensional structure of pertussis holotoxin with 
known three-dimensional structures of enzymes with substantial functional resemblance to pertussis holotoxin 
(including bacterial toxins having ADP-ribosyl transferase activity), and identifying structurally conserved re- 
gions between the pertussis holotoxin and the enzymes. 

so Such analyzing step also may comprise comparing the three-dimensional structure of pertussis holotoxin 

with known three-dimensional structures of other proteins with carbohydrate binding properties, and identify- 
ing regions of structural resemblance of the pertussis holotoxin to the proteins. 

In these procedures, analysis may also be effected by aligning amino acid sequences of pertussis holotoxin 
with those of the enzymes or proteins with carbohydrate binding properties, as the case may be, according to 

55 structural equivalence (i.e., the strucurally conserved regions or regions of structural resemblance, respec- 
tively) determined by the identification step. 

The analyzing step further may comprise locating, within the three-dimensional structure of pertussis ho- 
lotoxin, amino acid residues known to contribute to the biological activity of the holotoxin, and identifying spa- 
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tiatly- proximate amino acid r sidues interacting with said known amino acid residues within said three- 
dimensional structure. 

Following identification of the at least one site by the procedure provided herein, the identified at least 
one site may be modified to alter the biological activity of the pertussis holotoxin, which modification may be 
5 effected by genetic, chemical or biochemical means. 

Accordingly, the present invention includes the use of the three-dimensional structure of crystalline per- 
tussis holotoxin determined by X-ray crystallography for identifying at least one site in the pertussis holotoxin 
molecule contributing to the biological activity, including any of the activities noted above. 

In accordance with a further aspect of the present invention, there is provided a method of identifying at 
10 least one site in pertussis holotoxin that interacts with a molecule that is capable of forming a complex with 
the holotoxin, the method comprising: 

(a) providing a crystalline complex between at least a portion of pertussis holotoxin and the molecule; 

(b) determining the three-dimensional structure of the complex by X-ray crystallography; and 

(c) analysing the structure to identify the at least one interacting site. 

15 The at least one identified site may contribute to toxicity, cell binding, mitogenicity, enzymatic activity or ad- 
juvanticity of the pertussis holotoxin. 

The at least a portion of the holotoxin with which the complex is formed may be the entire pertussis holo- 
toxin, an analog thereof, a subunit of the holotoxin, a portion of a subunit, or a combination of subunits. 

The step of forming the complex between the molecule capable of forming a complex with the holotoxin 
20 and the at least a-portion of the holotoxin may comprise exposing crystals of the at least a portion of the ho- 
lotoxin under conditions to effect formation of the crystalline complex without substantial disruption of the crys- 
tals. 

The molecule capable of forming a complex with the holotoxin may be a ligand, such as a cell-surface tig- 
and, including carbohydrates, such as a glycolipid or a glycoprotein, an effector molecule, such as an adenine 
25 nucleotide, including ATP, or a substrate for the enzymatic activity of PT. Such substrates include NAD and 
analogs of NAD that are not substantially hydrolysable by pertussis toxin. The substrate may also be a GTP- 
binding protein (a G-protein), an a-subinit of a GTP-binding protein or a C-terminal fragment of an a-subunit 
of a GTP-binding protein. Convenient GTP-binding proteins include Gj, G 0 and transducin. 

Following identification of the at least one site by the procedure provided herein, the identified at least 
30 one site may be modified, for example, by genetic, biochemical, or chemical means, to alter a biological activity, 
such as toxicity, enzymatic activity, mitogenicity cell-binding and adjuvanticity, of the pertussis holotoxin. 

The at least one identified site may be at least one amino acid and may be modified by effecting muta- 
genesis of a tox operon encoding the holotoxin to remove or replace a nucleotide sequence coding for said at 
least one amino acid residue and to produce a mutant tox operon, and expressing the mutant tox operon in a 
35 Bordetella organism to produce the modified holotoxin. 

The present invention further comprises a crystalline form of isolated pertussis holotoxin in which the mol- 
ecules of pertussis toxin have the three-dimensional structure represented by Figures 1 and 2 described below. 
The crystalline form of pertussis holotoxin may be in dimeric form, as shown in Figure 8, described below. The 
crystalline form of pertussis holotoxin may have a space group P2 1 2 1 2 1 with cell dimensions a-163.8 A, 6=98.2 
40 A and c= 194.5 A. The crystalline form of pertussis holotoxin may be in the form of a complex with a molecule 
capable of forming a complex with the holotoxin, as described in detail above. Specific examples of such com- 
plexes may have the three-dimensional structure represented by Figures 10 and 11, described below, or by 
Figures 13 and 14, described below. 

In addition, the present invention includes a crystalline form of isolated pertussis holotoxin characterized 
45 by atomic co-ordinates specified in accession no. 1 PRT of the Brookhaven Protein Data Bank, Brookhaven, 
N.Y. USA. 

The provision of a crystalline form of pertussis holotoxin allows a comparison with other proteins having 
functional resemblance to pertussis holotixin (for example bacterial toxins from Campylobacter jejuni and Clos- 
tridium botulinum) with an aim to beneficially modifying such other proteins. For example, bacterial toxins are 
so frequently protective immunogens but require detoxification before they can be used as immunogenic com- 
positions. The ability to identify currently unknown sites that contribute to toxicity of such toxins by a compar- 
ison with the three dimensional structure of pertussis holotoxin provides a technique for detoxification of such 
toxins to provide useful immunogenic but non-toxic analogues. 

The crystalline form of pertussis holotoxin as provided herein is of a particularly high purity and is useful 
55 as a primary standard for measuring the quantity, purity or efficacy of less pure compositions containing PT. 

The present invention further includes a method for the production of a modified pertussis holotoxin, which 
comprises (a) identifying at least on amino acid residue of the holotoxin for modification by utilizing the pre- 
diction procedure provided herein; (b) effecting mutagenesis of a tox operon encoding the holotoxin to remove 
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or replace a nucleotide sequence coding for the at least one amino acid residue and to produce a mutant tax 
operon; and (c) expressing the mutant tox operon in a Bordetella organism to produce the modified holotoxin. 

In an additional aspect of the invention, there is provided a method for producing a modified form of at 
least a portion of pertussis holotoxin, comprising (a) forming a crystalline complex between at least a portion 

5 of pertussis holotoxin and a molecule capable of complexing with the holotoxin; (b) determining a three- 
dimensional structure of the complex; (c) analysing the structure to identify at least one amino acid residue 
of the at least a portion of pertussis holotoxin interacting with the molecule; (d) effecting mutagenesis of a nu- 
cleotide sequence encoding the at least a portion of the pertussis holotoxin to remove or replace a codon for 
the at least one amino acid and/or to insert at least one codon adjacent the codon for the at least one amino 

w acid to produce a mutant nucleotide sequence; and (e) expressing the mutant nucleotide sequence to produce 
the modified form of at least a portion of pertussis holotoxin. The at least a portion of pertussis holotoxin may 
be pertussis holotoxin or an analog thereof and the step of expressing the mutant nucleotide sequence is ef- 
fected in a Bordetella organism. Alternatively, the at least a portion of pertussis holotoxin may be a subunit of 
the holotoxin, a portion of such a subunit or a combination of subunits. The at least one additional codon may 

15 be inserted adjacent the 3'-codon of the nucleotide sequence encoding the S1 subunit, in particular a codon 
coding for a negatively-charged amino acid, for example, Asp or Glu. 

The identified amino acid residue in these procedures for producing modified products may comprise at 
least one amino acid residue which contributes to a biological activity, which may comprise toxicity, cell- 
binding, mitogenicity, enzymatic activity and adjuvanticity. 

20 The at least one amino acid residue which is mutated may comprise one of those residues as specified in 

Table 3 below and the substitution made also may be as set forth in Table 3. The at least one amino acid residue 
also may be located from residue 184 to 203 or from residue 211 to 220 of subunit S1 of the holotoxin. 

The invention additionally includes a mutant pertussis holotoxin wherein at least one amino acid residue 
in the S1, S2, S3, S4 or S5 subunits is substituted by another amino acid residue or deleted, provided by the 

25 procedure described herein. The at least one amino acid residue which is modified in this aspect of the invention 
is listed in Table 3 below. Specific amino acid residue substitutions in the S1, S2. S3, S4 and S5 subunits also 
are described in Table 3 below. 

Particular embodiments of the invention include PT analogs having mutations S2 Lys-83 Ala, S2 Arg- 
1 25 -> Ala and S3 Arg-1 25 Ala. The activities of such analogs are shown in Table 6 below. 

30 The mutant pertussis holotoxin may comprise modification of at least one amino acid residue located from 

184 to 203 or located from 211 to 220 of subunit S1 of the holotoxin. The modification in residues 184 to 203 
may be effected to render the same more hydrophilic while the modification in residues 211 to 220 may be 
effected to eliminate recognition by proteolytic enzymes. 

The mutant pertussis holotoxin provided herein may further comprise at least one additional amino acid 

35 provided attheC-terminal end of the S1 subunit, particularly a negatively-charged amino acid, particularly Asp 
or Glu. 

The present invention also extends to nucleic acid molecules encoding the PT analogs as provided herein. 
The file of this patent application contains at least one drawing executed in color, namely Figure 1 , 2, 6, 
10, 11 and 13. 

40 Figure 1 shows a schematic representation of the B-oligomer of pertussis toxin viewed along the pseudo- 

5-fold axis from the side opposite to S1. Subunit S2 is shown in pale blue, S3 in dark blue, S4 in red, and 
S5 in yellow; 

Figure 2 shows a schematic representation of pertussis toxin viewed perpendicular to the 5-fold axis of 
the B-oligomer. Subunit S1 is shown in green, and the other subunits as in Figure 1; 
45 Figure 3 shows a schematic representation of the active site of subunit S1 of pertussis toxin with individual 

amino acid residues identified according to the standard one-letter coding system; 
Figure 4 shows a sequence alignment of structurally equivalent residues in the active sites of four ADP- 
ribosylating toxins, namely PT, LT, ETA and DT (SEQ ID NOS: 1 to 20); 

Figure 5 shows a sequence alignment of the different PT B-subunits (S4, S5 and the C-terminal parts of 
50 S2 and S3 (respectively SEQ ID NOS: 24, 25, 22 and 23)) and the B-subunits of LT and VT (respectively 

SEQ ID NOS: 21 and 26); 

Figure 6 shows a schematic representation of the N-terminal 93 residues of S3 (left) and rat mannose bind- 
ing protein (MBP) (right); 

Figure 7 shows a sequence alignment of 47 structurally equivalent residues in MBP (SEQ ID NOS: 27 to 
55 32) and the A/-terminal domains of S2 and S3 (respectively SEQ ID NOS: 33 to 38 and 39 to 44); 

Figure 8 shows a Ca tracing of the dimeric form of PT existing in the crystal; 

Figure 9 is a stereo view showing the difference electron density for a biantennary undecasaccharide from 
human serum transferrin bound to subunit S3 of PT; 
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Figure 10 shows a schematic representation of the complex between PT and a biantennary undecasac- 
charide from human serum transferrin in the same orientation as Figure 1. Subunit S2 is shown in pale 
blue, S3 in dark blue, S4 in red, S5 in yellow and the carbohydrate in mauve; 

Figure 11 shows a schematic representation of the complex between PT and a biantennary undecasac- 
5 charide from human serum transferrin in the same orientation as Figure 2. Subunit S2 is shown in green, 

and the other subunits and the carbohydrate as in Figure 10; 

Figure 12 is a stereo view showing the binding to PT subunit S2 of the terminal NeuAc(2ot,6)Gal moiety 
of a biantennary undecasaccharide from human serum transferrin. This figure depicts the sugar in relation 
to the Ca trace of S2 and details of the binding site, with dashed lines indicating hydrogen bonds between 
w the sugar (thick lines) and protein (thin lines); 

Figure 13 is a schematic representation of the complex between PT and ATP, demonstrating the electron 
density difference between the complex and the holotoxin alone. This electron density difference shown 
in light blue is largely attributable to the bound ATP molecule. Subunit S1 is shown in Green and the B- 
oligomer in violet. 

15 Figure 14 shows a schematic representation of the complex between PT and ATP, viewed approximately 

along the pseudo-5-fold axis. The helices and strands common to the five B-subunits are depicted as rib- 
bons and arrows respectively. The N-terminal domains of subunits S2 and S3 and the chain fragments 
connecting the secondary structural elements are depicted as lines. The C-terminus of subunit S1 (resi- 
dues 226-235) and the ATP molecule are located at the centre of the figure and are drawn as a smooth 

20 coil and as a ball-and-stick model, respectively. All subunits are labeled on their A/-termini; and 

Figure 15 is a stereo diagram of the ATP binding site, showing the most important residues that interact 
with the ATP molecule. The residue labels comprise the residue number preceded by a character to indicate 
in which subunit the residue resides (A, B, C, D, E and F denote S1, S2, S3, S4a, S4b and S5, respectively); 

25 EXAMPLES 

The above disclosure generally describes the present invention. A more complete understanding can be 
obtained by reference to the following specific Examples. These Examples are described solely for purposes 
of illustration and are not intended to limit the scope of the invention. Changes in form and substitution of equiv- 
30 alents are contemplated as circumstances may suggest or render expedient Although specific terms have 
been employed herein, such terms are intended in a descriptive sense and not for purposes of limitation. 

Example 1 

35 This Example describes the crystallization of pertussis toxin (PT) , data collection and phase determina- 

tion. 

PT was purified from culture supernatants of B. pertussis strain 10536 (ref. 8), and crystallized in space 
group P2 1 2 1 2 1 with cell dimensions a=163.8 A, b=98.2 A, c=194.5 A, by a modification of conditions described 
by Spangler et at. (ref. 32). PT crystals have also been reported by Raghavan etal. (ref. 33). According to the 

40 modified conditions, stock solutionsof PT in 0.1 M K-phosphate, pH 8.0, 50% v/v glycerol were stored at-20°C, 
and samples (1.2 to 2.0 mg/ml) were dialysed against buffer 1 (25 mM Na/K- phosphate, 0.25 M KCI, 0.02% 
NaN 3 , pH 8.0). Seed crystals were grown by the hanging drop method, equilibrated against a precipitant of 0.3 
to 0.5 M KCI in buffer 1. Macroseeds were transferred to protein drops equilibrated against 0.26 to 0.35 M KCI 
in buffer 1 and typically grew to a size of 0.3 mm x 0.2 mm x 0.1 5 mm. Diffraction data were collected at room 

45 temperature using a synchrotron radiation source (X^'IM A) and image plate detector on the Weissenberg 
camera (ref. 34). The data were processed using WEIS (ref. 35) and programs in the CCP4 package (obtained 
from Daresbury Laboratory, Daresbury, Warrington WA4 4AD, England). The x-ray diffraction data obtained 
is summarized in Table 2 below, and now described in detail. 

"Native" data: Initially, the best data set (native 1) was collected to 3.3 A resolution from a crystal soaked 

so in 20 mM trimethyl lead acetate for 14 days, although these data do not differ significantly from true native 
data. Later, a 2.9 A data set (native 2) was collected that merged poorly with native 1 and the derivative data. 
The native 2 data were collected from a crystal that had been soaked in 30 mM NAD for 3 days, although dif- 
ference Fourier analyses show no evidence of NAD binding. 

Heavy atom derivatives: True native crystals were soaked respectively in saturated d-u.-iodobis(ethyle- 

55 n diamine) diplatinum(ll) nitrat (PIP) for 7 days, saturated (NH 3 ) 2 Pt(N0 2 )2 for 7 days, 1 mM KlrCI 6 for 3 days, 
1 mM KAu(CN) 2 for 5 days, 1 mM OsCI 3 for 3 days. 

Multiple isomorphous r plac ment (MIR) phase det rmination: Seven heavy atom sites were identi- 
fied in the PIP derivative with SHELXS (ref. 36) using native 1 as native data. Parameters for th se sites were 
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refined with MLPHARE (ref. 37), and further sites in the PIP and other derivatives were found by iterative use 
of difference Fouri r analyses and heavy atom refinement The overall figure of merit was 0.44 (25-3.5 A). . 

Density modification: The MIR phases were improved by solvent flattening with the DEMON density 
modification package (obtained from Dr. F.M.D. Vellieux, IBS/LCCP. 41 Ave. des Martyrs, 38027 Grenoble. 
5 Cedex 1, France), using a conservative solvent fraction of 50%. The resulting map showed a clear solvent 
boundary outlining two holotoxin molecules in the asymmetric unit. The relative orientation of the two mole- 
cules was determined by a domain rotation function (ref. 38), using structure factors calculated in space group 
P1 from spheres of density corresponding to each molecule. The translation needed to superimpose rotat d 
density from one molecule onto the density sphere for the second molecule was calculated with a phased trans- 
10 lation function (ref. 38,39). An envelope around the two toxin molecules was calculated from a local correlation 
map (ref. 40), enclosing 44% of the asymmetric unit. Two-fold averaging and solvent flattening were carried 
out using the DEMON package, with gradual phase extension from 5.0 to 3.5 A. v 

The atomic co-ordinates of the crystalline pertussis holotoxin as determined herein have been deposited 
as Accession Number 1 PRT of the Brookhaven Protein Data Bank, Brookhaven, N.Y., USA. 

15 

Example 2 

This Example describes model building of the pertussis toxin molecule. 

Interpretation of the electron density map of PT was facilitated by the recognition of similarity with known 

20 toxin structures, which helped to define the secondary structure connections and chain direction in a large 
part of the map. A molecular model of the A1 -subunit of LT was positioned in the density corresponding to S1 
using a domain rotation function and phased translation function. In this way, the W-terminal three-quarters 
of S1 was shown to resemble the A1-subunit of LT. Five separate VT B-monomers were placed in the central 
part of the B-oligomer density using the program O (ref. 41 ). The central part of the B-oligomer was shown to 

25 share the fold common to VT and LT. The peripheral domains of the B-oligomer (formed by the A/-terminal por- 
tions of S2 and S3) were built without reference to a known structure. A partial model of one PT molecule was 
built using O, based on a skeletonised map and guided by the positioned models. The structure of the second 
PT molecule of the asymmetric unit was generated using the non-crystallographic symmetry operation. Sub- 
units S2 and S3 were easily distinguished by differences in side-chain electron density, especially at positions 

30 26 (Lys/Gly), 50 (Arg/Pro), 65 (Gly/GIn), 143 (Trp/Arg) and 148 (Arg/Ala). 

The initial PT model, containing 85% of the residues with 5% fitted as alanines, was refined by rigid body 
refinement and energy minimization using X-PLOR (ref. 42) . Phases from the refined model were combined 
with the original MIR phases using SIGMAA(ref. 43). Errors in the initial PT model were clearly shown in the 
map calculated with the combined phases. Iterative cycles of model building, simulated annealing refinement 

35 with X-PLOR (including a non-crystallographic symmetry restraint), and combination of model and MIR phases 
resulted in a model that was 98% complete. The 3.3 A model was then refined against the 2.9 A data set (native 
2) using rigid body refinement and simulated annealing in X-PLOR. Further model building and refinement were 
carried out with the higher resolution data. 

This PT model contains 1868 amino acid residues (934 in each molecule, comprising 224/235 in S1, 

40 1 96/199 in S2 and S3, 1 10/1 10 in both copies of S4, 98/99 in S5) with no solvent molecules. The electron density 
is compatible with the amino acid sequence from S. pertussis strain 10536 (ref. 44). Missing residues are in 
regions of poor density at the N-termini of S1 (one residue), S2 (three residues), S3 (three residues) and S5 
(one residue), and ten residues (211-220) near the C-terminus of S1. Schematic representations of the B-oli- 
gomer and the holotoxin are shown in Figures 1 and 2. 

45 The model includes restrained individual isotropic temperature factors. It has a crystallographic R-factor 

of 19.5% for ail reflections between 10.0 and 2.9 A and tightly restrained geometry. The rms deviation from 
ideality is 0.014 A for bond distances and 1.8° for bond angles. In the Ramachandran plot of each molecule, 
82% of the residues are in the most favoured regions and none are in disallowed regions (refs. 45). The rms 
difference in coordinates of all main chain atoms after superposition of the two molecules is 0.21 A. 

50 

Example 3 

This Example shows the analysis of the structure of pertussis toxin. 

The overall structure of the PT molecule, which contains six separate polypeptide chains, is shown sche- 
55 matically in Figures 1 and 2, which emphasize the considerable topological complexity of PT. They depict the 
B-oligomer viewed along the 5-fold axis from the side opposite to S1 and the holotoxin viewed perpendicular 
to the 5-fold axis of the B-oligomer. In these and other figures, a-helices are shown as spirals, p-strands as 
thick arrows and less-regular segments of the polypeptid chains as thin filaments. Most details of the indi- 
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vidual amino acid residues have been omitted for simplicity. 

The structure of PT displays some striking similarities with other bacterial toxins, but also some significant 
differences which have important implications for the functional activity of PT. Figure 1 shows the planar tri- 
angular arrangement of the B-oligomer. The polypeptide chain folds of S4, S5 and the C-terminal domains of 

5 S2 and S3 are remarkably similar to each other and to the corresponding subunits of VT and LT. The presence 
of a central pore with approximate 5-fold symmetry is also characteristic of VT and LT. The /V-terminal domains 
of subunits S2 and S3, which constitute the acute apices of the triangular arrangement, are unique to PT and 
therefore of particular significance in understanding the interactions between PT and receptor molecules on 
target cells. Figure 2 demonstrates that S1 sits on top of the planar arrangement of the B-oligomer along its 

10 5-fold central axis. 

The two copies of S4 have essentially identical folds, and can be superimposed with an rms difference 
for all 110 Cot atoms of 0.56A(0.32A after omitting 21 Cot atoms in loops and at the C-terminus). Superposition 
of S2 and S3 shows a significant shift only at the C-terminus t with an rms difference for the remaining 188 
Ca atom pairs (residues 4-91) of 0.63A. Secondary structure was assigned with DSSP (ref. 46). S1; pi:6-11, 

15 a1:15-21, p2:23-24, ct2:32-37, p3:50-54, a3:57-77, p4:83-92, p5:97-99, a4:100-111, a5:118-127 ( p6:129-133, 
P7:135-136, p8:141-150. p9;155-162, p10:191-193, p11:198-199, a6:200-205, pi2:225-227, a7:228-231. S2 
and S3 AMerminal domains; p1:27-29 a1:32-37, a2:39-48, p2:54-56, p3:61-63, p4:70-72, p5:84-93. S2 and 
S3 C-terminal domains, p6:100-105, p7:106-113, p8:119-125, p9:128-135, a3:146-159, p10;163-173, 
P11:183-191. S4; pi;6-10, p2:11-20 f (33:2.7-36, p4:48-55, a1:63-74, p5:78-89, p6:92-102. S5; pi:5-9, p2:10- 

20 20, p3:23-31, p4:37-43, a1:51-66, p5:70-74, p6:84-91. 

Subunit S1 

The A/-terminal 175 residues of S1 of PT show structural homology with the enzymatic portion of the A- 

25 subunit of LT, consistent with their similar catalytic functions. All secondary structure elements within this re- 
gion are conserved, except for helix a5 in PT which has no equivalent in LT. Strands p4 and p8, and helices 
a3 and ct4 of PT are longer than in LT, and there are significant differences in connecting loops. The disulphide 
bond in S1 (Cys-41/Cys-201) is not structurally equivalent to the disulphide bond of LT, but in both cases re- 
duction is essential for catalytic activity. Residues 176-235 of S1 have no structural homology in LT. Analysis 

30 of C-terminal deletion mutants has shown that this part of S1 is not essential for catalytic activity in vitro (refs. 
47,48). A stretch of residues in extended conformation is followed by two short strands (p10 and p11), a helix 
(a6), and a further strand (P12). p-strands 10-12 form a small anti-parallel sheet. The C-terminus enters a 
"pore" in the centre of the B-oligomer with a short helix (a7) and ends within a pore. 

The amount of surface buried between S1 and B-oligomer is much larger than between the A and B por- 

35 tions of LT. However, the interface in PT is typical of that found in stable oligomeric proteins (ref. 49). Thus, 
the numbers of hydrophobic, hydrogen-bond and electrostatic interactions are not unusual for protein inter- 
faces of this size. The interaction between the C-terminus of S1 (228 to 235) and the B-oligomer pore accounts 
for 28% of the buried surface. Residues 211-220 of S1 (between a6 and P12) have poor density and could not 
be modelled. A disordered region occurs in a roughly equivalent part of the LT A-subunit, at the junction of A1 

40 and A2, and proteolytic cleavage in this region is necessary for membrane translocation. Tryptic cleavage of 
S1 at Arg-218 has been found to enhance activation of PT in vitro (ref. 50). 

Active site 

45 The structure of the active site of S1 is depicted in Figure 3. A number of amino acid residues previously 

found to be implicated in the active site of S1 are included in this figure and labelled R9 (Arg-9), R13 (Arg-13), 
W26 (Trp-26), H35 (His-35), C41 (Cys-41), S52 (Ser-52), E129 (Glu-129) and C201 (Cys-201). 

As expected, the active site of S1 is structurally homologous to the active sites of LT, ETA and DT. Figure 
4 shows a sequence alignment of structurally equivalent residues in the active sites of these four toxins. Iden- 

50 tical residues are high-lighted in bold lettering; only two residues, corresponding to Tyr-8 and Glu-129 in PT, 
are conserved in all four toxins. These glutamate residues have also been shown to be essential for enzymatic 
activity in each of the toxins. In PT, the side chain of Glu-129 is within hydrogen bonding distance of His-35, 
Ser-52 and Gln-127. Mutation of His-35 or Ser-52 is also associated with considerably reduced ADP-ribosyl- 
transferase activity (refs. 19,64). Reduction of the disulphide bridge between Cys-41 and Cys-201 of S1 that 

55 is required for expression of enzymatic activity may induce a conformational change permitting productive 
binding of NAD. 
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B-oligomer 

The Oterminal half of S2 and S3, both copies of S4, and S5 have similar folds, consisting of six antiparall I 
p-strands forming a closed p-barrel, capped by an a-helix between the fourth and fifth strands (Figure 1). This 

5 fold has been recognized previously in several proteins which bind either an oligosaccharide or an oligonu- 
cleotide, and named the "OB fold" (ref. 51). Other proteins containing the OB fold include the B-subunits of LT 
and VT-1 . A sequence alignment based upon a structural superposition of the B-subunits of PT, LT and vero- 
toxin-1 is shown in Figure 5 and demonstrates that there is no detectable sequence homology. Adjacent B- 
subunits associate mainly through antiparallel p-sheet interactions to form a rather asymmetrical pentamer 

w around a central pore lined by five helices. The same type of B-subunit interaction, but with more perfect 5- 
fold symmetry, is seen in the B-pentamers of LT and verotoxin-1. In PT, the most extensive interactions be- 
tween B-subunit monomers are those of S2 with S4 and S3 with S4, in agreement with the observation that 
the B-oligomer dissociates in 5 M urea into an S2/S4 dimer, an S3/S4 dimer and an S5 monomer (ref. 52). The 
A/-terminal half of S2 and S3 form separate domains at the periphery of the B-oligomer. Each of these domains 

is consists of five p-strands and two a-he!ices, with a fold similar to that of the lectin domain from a rat mannose 
binding protein (MBP) (53) (Figure 6), which belongs to a family of calcium dependent (C-type) eukaryotic lec- 
tins. 

Receptor-binding sites 

20 

Most of the sequence differences between S2 and S3 are found near the /V-termini, suggesting that these 
regions may contain determinants of carbohydrate binding, specificity. The crystal structure shows that, al- 
though the N-terminal domains of S2 and S3 show overall structural homology with a member of the family of 
C-type eukaryotic lectins (Figure 6), they apparently lack its functional region. Thirty-two conserved amino 

25 acids in the sequences of known C-type lectins are believed to contribute to the carbohydrate recognition do- 
main (CaRD). Features of the AMerminal sequences of S2 and S3 thought to be characteristic of the CaRD 
motif were reported (ref. 8), but with the exception of the disulphide bond (Cys-23/Cys-87), they are not con- 
sistent with the observed structural relationship. None of the remaining CaRD residues can be identified in 
the structure-based sequence alignment of S2 and S3 with MBP (Figure 7). In the MBP structure, the calcium 

30 ligands lie within a long loop between strands p2 and p3 that was found to be the carbohydrate binding site 
(ref. 54). This loop has no structural equivalent in S2/S3 (Figure 6), and there is no evidence that calcium is 
required for receptor binding of PT. 

Evaluation of experimental findings in the light of the crystal structure points to two regions of the N-ter- 
minal domains of S2 and S3 that may be involved in receptor binding. Both sites are exposed, and lie on the 

35 probable membrane binding surface of the toxin (furthest from S1). The first site is the loop between residues 
18 and 23. This sequence in S2 was found to be homologous to residues 62 to 67 in wheat germ agglutinin 
(ref. 55), which form part of the sialic acid binding site determined crystallographically (ref. 56) . Synthetic pep- 
tides incorporating this sequence bind to sialic acid-containing glycoconjugates (ref. 55). These segments of 
the two crystal structures are in fact very similar; residues 18 to 23 of S2 can be superimposed on residues 

40 62 to 67 of wheat germ agglutinin with an rms difference of only 1.03 A for 22 main chain atoms. A second site 
that may have a role in carbohydrate recognition is helix a2 (residues 39 to 48). Exchange mutation of residues 
37 to 52 between S2 and S3 was reported to be associated with an exchange of binding specificities (ref. 8). 

The central pentameric domain of the PT B-oligomer may also be involved in receptor binding, as in the 
previously recognized proteins that contain the OB fold. Crystallographically determined binding sites of other 

45 proteins with this fold (ref. 51) are in variable loops between p2-p3, p4-a and p5-p6 (VT-1 numbering), but they 
lie in similar locations with respect to the overall structure. An extended binding site on S2 or S3 might span 
one or more of these C-terminal domain loops (P7-p8, p9-a3 and p10-p11 ), as well as parts of the N-terminal 
domain. Mutations in the vicinity of p5-p6 and P10-P11 of S2 and S3 have been found to affect receptor binding 
(refs. 21.22). 

so Another feature of the PT crystal structure relevant to cell surface binding activity is the observation that 

PT crystallizes as holotoxin dimers. Association is mediated by edge-on interaction between pairs of S2 and 
S4 subunits on each molecule, such that the two 5-fold axes are almost parallel and the two cell-binding B- 
oligomer faces almost coplanar. This arrangement is illustrated in Figure 8, in which the polypeptide chains 
are represented as line segments joining amino acid Ca atoms. The area of surface buried at the interface is 

55 sufficient for stable complex formation in solution, suggesting that dimeric PT presenting an extended multi- 
valent cell-binding region is important under physiological conditions. 
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Example 4 

This Example describes the identification of functional amino acid residues in pertussis toxin by examin- 
ation of its 3D structure. 

5 Inspection of the crystal structure of PT in comparison with those of LT, ETA and DT has permitted a mo- 

lecular model of the active site of S1 to be constructed (Figure 3). This model accounts for the functional im- 
portance of a number of amino acid residues previously implicated in the active site of S1 by the methods out- 
lined above. It further provides direction for the identification of additional previously unrecognized residues 
whose modification might be expected to yield PT analogs with altered biological activity. Thus, in one em- 

10 bodiment of the present invention, there are provided amino acid residues in subunit S1 of PT contributing to 
catalytic activity or binding of substrates or effectors, which include nicotine adenine dinucleotide (NAD). 

A model for NAD binding to S1 was generated by superimposing the active site of PT onto DT in crystals 
of DT bound to a dinucleotide adenylyl-S'^-uridine monophosphate (ref. 23). The position of the adenine moi- 
ety of this molecule, denoted by 'Ad' in Figure 3, may represent the position of the adenine moiety of NAD 

15 bound to S1. Most of the amino acid residues already implicated in the catalytic activity of S1 are clustered in 
a region adjacent to this site and are labelled in Figure 3. They include R9 (Arg-9), R13 (Arg-13), W26 (Trp- 
26). H35 (His-35), C41 (Cys-41), S52 (Ser-52), E129 (Glu-129) and C201 (Cys-201). 

Also marked in Figure 3 are several other amino acid residues located in spatially proximate relation to 
the previously identified amino acid residues or with the predicted position of bound NAD, and therefore also 

20 likely to be important to the enzymatic activity of S1 . These amino acid residues are F23 (Phe-23), S48 (Ser- 
48), V51 (Val-51), Q127 (Gln-127), L131 (Leu-131), G199 (Gly-199) and A200 (Ala-200). Analogues of PT in 
which one or more of these amino acid residues are deleted, replaced or modified are therefore predicted to 
exhibit altered biological activity. 

A second approach to modifying PT is to interfere with its ability to bind to target cells. Another embodiment 

25 of this invention therefore relates to the provision of amino acid residues in the B subunits of PT involved in 
or influencing binding to cell surface glycoconjugate receptors. 

The crystal structure points to the significance of an a-helical region between residues 38 and 50 of sub- 
units S2 and S3 in attachment of PT to glycoconjugate receptors. This region, seen at the base of the repre- 
sentation in Figure 6, is also conserved in MBP according to structure, and to some extent also according to 

30 sequence (Figure 7). These S2 and S3 helices are also partially exposed and could contribute to a cell-binding 
surface. It has been reported that sequence changes in this region of S2, or exchange of sequences between 
S2 and S3, affect the carbohydrate binding specificity of isolated S2 and S3 subunits (ref. 8). Examination of 
the crystal structure of PT shows that this helix forms one face of a groove across the surface of S2 and S3 
into which the most functionally sensitive amino acid residues are directed. The opposite face of this groove 

35 is occupied by amino acid residues His-15, Gln-16, Leu-82 and Lys-83 in S2, and by residues Gln-15, Gln-16, 
Tyr-82and Arg-83 in S3. Replacement of Tyr-82 of S3 has already been shown to diminish the biological activity 
of PT (ref. 22), but the significance of the other sites to glycoconjugate binding of PT has not previously been 
recognized. Analogues of PT in which one or more of these amino acid residues are deleted, replaced or modi- 
fied are therefore predicted to exhibit altered biological activity. 

40 Dimerization of PT might also be expected to affect its ability to bind to target cells. Although dimerization 

occurs between pairs of S2 and S4 subunits on two adjacent PT molecules, similar dimerization between pairs 
of S3 and S4 subunits is stereochemical^ possible but does not occur, indicating that S2 contains unique amino 
acid determinants promoting dimerization. A comparison between S2 residues at the dimer interface and the 
corresponding S3 residues is as follows: 



45 



Residue No. 


20 


52 


54 


63 


66 


67 


81 


82 


83 


Subunit S2 


Tyr 


Trp 


lie 


Leu 


Glu 


Tyr 


Asp 


Leu 


Lys 


Subunit S3 


Tyr 


Trp 


fie 


Leu 


Ala 


Tyr 


lie 


Tyr 


Arg 



The S2 residues Glu-66, Asp-81 t Leu-82 and Lys-83 not conserved in S3 are therefore predicted to be 
responsible for dimerization of PT. Thus analogues of PT in which one or more of these amino acid residues 
are deleted, replaced or modified are expected to exhibit altered biological activity. As described above, amino 
acid residues 82 and 83 were also implicated in glycoconjugate binding on other grounds. 

Detailed examination of the crystal structure of PT reveals that significant interactions between S2 and 
S4 subunits on adjacent molecules also involve residue Trp-52 of S2 and residues Asp-1, Tyr-4, Thr-88 and 
Pro-93 of S4. Analogues of PT in which one or more of these amino acid residues are deleted, replaced or 
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modified ar therefore also predicted to exhibit altered biological activity. 

A third approach to detoxification of PT is to impede the ability of the catalytic S1 subunit to dissociate 
from the B-oligomer, which is important in the context of in vitro enzymatic activity, and is believed also to be 
important in vivo. A further embodiment of this invention therefore relates to the identification of amino acid 
5 residues of subunit S1 likely to influence the ability of a functional moiety of S1 to disengage from the remainder 
of the molecule. 

A significant feature of subunit S1 as it appears in the crystal structure is the lack of electron density as- 
sociated with amino acid residues 211-220, indicating that this portion of the polypeptide chain is disordered 
and unlikely to be essential for polypeptide chain folding or stabilization. The amino acid sequence correspond- 
to ing to this region is as follows: 

Residue No. 211 215 220 

Sequence Ala Ke.z Ala Ala Trp Ser Glu Arq Ala Gly (SEQ 
15 ID NO: 45)^ 

However, the downstream C-terminal sequence 228 to 235 is observed to be important in establishing con- 
tact between S1 and the central pore of the B-oligomer alluded to previously. A similar situation exists in the 
crystal structure of LT, where a disordered region occurs in a structurally analogous part of the catalytic LT-A 

20 subunit just upstream of the C-terminal segment which interacts strongly with the LT-B pore. Significantly, pro- 
teolytic cleavage in this disordered region is necessary for activation of LT. It has not been previously suggested 
that proteolytic cleavage of S1 is required for activation of PT; however, the S1 segment 211 to 220 contains 
recognition sites for trypsin (Arg-21 7) and chymotrypsin (Met-2 1 2 and Trp-21 5), and is readily cleaved by these 
enzymes in vitro (ref. 50). Moreover, a truncated form of S1 lacking all amino acid residues beyond position 

25 1 80 is known to exhibit almost full NAD-glycohydrolase activity in vitro in the absence of B-oligomer (ref. 57), 
indicating that the C-terminal region is not essential once S1 is disconnected from the rest of the PT molecule. 
Deletion or truncation of the loop between S1 residues 21 1 and 220, or substitution of key amino acid residues 
within this loop, may therefore yield PT analogs with altered biological activity. 

Upstream of the region of disordered structure in S1 is a hydrophobic region extending from residues 184 

30 to 203, which has the characteristics predicted for a membrane-spanning segment (ref. 58) . The amino acid 
sequence corresponding to this region is as follows: — . 



35 



40 



Residue No. 134 190 

Sequence Val Ala Ser lie Val Gly Thr Leu Val Arg 

Residue No. 195 200 203 

Sequence Met Ala Pro Val lie Gly Ala Cys Met Ala 

(SEQ ID NO: 46) 



Reduction of the disulfide bond between Cys-41 and Cys-201, together with proteolytic cleavage of the 
C-terminus as described above, are therefore predicted to expose a region of S1 suited to anchoring a func- 
tional moiety of S1 in a cellular membrane. This functionality is predicted to facilitate translocation of S1 and 
its diffusion along an intracellular membrane, introduction of polar amino acid residues within this region may 
45 therefore yield PT analogues with altered biological activity. 

Example 5 

This Example describes the generation of a crystalline complex between PT and a biantennary undeca- 
50 saccharide derived from human serum transferrin, and determination of its 3D structure. The composition of 
this carbohydrate, obtained from BioCarb Chemicals, is as follows: 

Neu5Ac(2a, 6) -Gal (1/5,4) -GlcNAc (1/3, 2) -Man (la, 6) 

I 1 

55 Man(ljS,4) -GlcNAc (1,13, 4) -GlcNac 



NeuSAc (2a, 6) -Gal (1/3,4) -GlcNAc ( 1/3, 2) -Man (la, 3) 
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PT was purified and crystallized as described in Example 1. Native crystals were soaked in a 10 mM solution 
of the carbohydrate in 25 mM Na/K-phosphate, 0.3 M KCI, 0.02% NaN 3 , pH 8.0 for 5 h, or until the surface 
became etched, then removed for mounting. Crystals dissolved when soaked in a 30 mM solution of the car- 
bohydrate. Data were collected from a single crystal using a synchrotron radiation source and image plate de- 

5 tector on the Weissenberg camera (ref. 34). The data were processed using WEIS (ref. 35) and programs in 
the Daresbury CCP4 package, and were 87% complete between 10 and 3.5 A, with a merging R-factor of 9.7% 
(25.1% at 3.5 A) and multiplicity of 3.4. 

Crystals of the PT-sugar complex remained isomorphous with the native PT crystals (space group 
P212121, with cell dimensions a=163.8A, 6=98.2 A, c=194.5 A). As before, the asymmetric unit contained two 

w molecules related by non-crystallographic two-fold symmetry. However, the PT-sugar data merged poorly with 
data from native crystals (R merg e on amplitudes 23.5%). The structure was solved by rigid body refinement of 
the native PT structure against the PT-sugar data using X-PLOR (ref. 42). Initially each toxin molecule in th 
asymmetric unit was refined independently (two rigid groups), and later the two molecules were divided into 
their six individual subunits (12. rigid groups). The starting R-factor was 36,5% (10-8 A), and fell to 22.0% (10- 

15 4 A) at the end of rigid-body refinement. The resulting model showed an overall rotation of 1 .2° relative to the 
original native PT structure, but there were no significant internal domain shifts. 

A difference electron density map was calculated using the new model phases with SIGMAA-weighted 
Fourier coefficients (ref. 43). The three highest peaks per asymmetric unit on the map (7.0-8.4 times the rms 
electron density) corresponded to three sugar moieties, which were modelled using the program O (ref. 41). 

20 Although bound carbohydrate was observed at equivalent sites on subunits S2 and S3, only three of the four 
possible binding sites in the asymmetric unit were occupied. The fourth potential site, on the S2 subunit of mol- 
ecule 2, was evidently not accessible to this carbohydrate owing to a packing interaction with a symmetry- 
related PT molecule. Crystals dissolved when soaked in 30 mM carbohydrate, perhaps because this interaction 
was disrupted. 

25 At each occupied binding site, clear electron density was present for only two carbohydrate residues, the 

other nine remaining disordered. The chemical identities of the ordered residues were assigned by assessing 
the fit of every possible pair of neighbouring residues in the transferrin undecasaccharide to the electron den- 
sity of a difference Fourier map. Structure factors and phases for this map were calculated using the model 
after rigid body refinement (Example 5), and before any attempt had been made to build the carbohydrate. 

30 Part of this map is shown in Figure 9. Although the resolution of the diffraction data is only 3.5 A, the result 
was unambiguous: only the terminal NeuAc(2ct,6)-Gal moiety could fit the observed electron density. The link- 
ages between all other adjacent pairs of sugar residues were such that both residues could not be placed in 
density at the same time. 

Two additional amino acid residues at the N-terminus of S2 of PT molecule 2 were added to the native PT 
35 model, and the complete structure was refined by simulated annealing with X-PLOR, using an additional em- 
pirical energy function for carbohydrate (ref. 59). The conformation of the bound NeuAc(2a, 6)-Gal group was 
found to be almost identical at each binding site, and close to one of the low energy conformations for this mol- 
ecule determined using energy calculations and NMR spectroscopy (ref. 60). 

The current PT/sugar model contains 1870 amino acid residues (934 in molecule 1 and 936 in molecule 
40 2), six carbohydrate residues, and no solvent. Atomic temperature factors are those of the native PT model, 
except for unique atoms (including the carbohydrate) which have fixed B-factors of 20 A 2 . The crystallographic 
R-factor is 18.3% for all reflections between 10.0 and 3.5 A. The rms deviation from ideality is 0.015 A for bond 
distances and 1 .9° for bond angles. The rms difference in coordinates of ail main chain atoms after superpo- 
sition of the two molecules is 0.18 A. 

45 

Example 6 

This Example describes the analysis of the structure of the complex between pertussis toxin and the un- 
decasaccharide from human serum transferrin, and the identification of functional amino acid residues in per- 
so tussis toxin. 

The binding sites of the disaccharide moieties on S2 and S3 in relation to the complete structure of PT 
are shown in Figures 10 and 11. The shortest distance between binding sites in the asymmetric unit is - 65 A, 
which excludes the possibility of bivalent interaction of a single sugar molecule through its two equivalent arms. 
Interactions between the carbohydrate and the protein are virtually identical at each of the three binding sites 
55 in the asymmetric unit. The galactose makes no interactions with the protein, but the sialic acid is within hy- 
drogen bonding distance of polar or charged groups on Tyr-102, Ser-104 and Arg-125, as detailed in Table 4 
below and depicted in Figure 12. In addition, the sialic acid ring makes hydrophobic contacts with the aromatic 
rings of Tyr-1 02 and Tyr-1 03. All amino acid residues that interact directly with the sialic acid are fully conserved 
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between S2 and S3. 

The pr s nt finding of three sialic acid binding sites per asymmetric unit agrees with a r cent report (ref. 
61) describing an isomorphous derivative of the same PT crystal form. In that case, native PT crystals were 
soaked in a mercuric derivative of sialic acid, resulting in three mercury sites, as identified by difference Pat- 

5 terson techniques. The positions of peaks in the published Harker sections are consistent with the mercury 
atoms lying within 1 to 2 A of the position of C6 of galactose in the undecasaccharide complex. This suggests 
that the binding mode for sialic acid is very similar in the two cases. 

The transferrin undecasaccharide used in this study was chosen because its composition and linear struc- 
ture are typical of the oligosaccharide chains of glycoproteins, such as fetuin, known to bind strongly to PT, 

w and of the surface glycoproteins of mammalian cells, such as Chinese hamster ovary cells, that are susceptible 
to intoxication by PT. Furthermore, the crystallographic results described herein are consistent with the findings 
that asialofetuin has severely reduced affinity for PT (ref. 6), while a variant CHO cell line lacking terminal sialic 
acid residues does not bind PT and is not susceptible to its action (ref. 7). These observations indicate that 
the terminal sialic acid residues of glycosyl chains are important for the physiologically significant binding of 

15 PT to mammalian ceils, and suggest that the binding site on PT disclosed by the present invention has phys- 
iological significance. 

The observed sugar interaction site lies in the C-terminal portion of S2/S3, which has the oligomer-binding 
fold (ref. 51 ) also present in the cell-binding B-subunits of members of the cholera toxin and Shiga toxin families. 
This portion of the structure is thus expected to contribute to binding to cell surface receptors, although addi- 

20 tional sites are also likely to exist in the W-terminal domains of S2 and S3, as discussed above. The S2 and 
S3 residues observed to interact with the sugar are indeed consistent with some experimental studies of re- 
ceptor binding. There is good evidence that tyrosines are involved; firstly, it has been found that the toxin is 
inactivated by iodination (which typically affects tyrosines), but can be protected by binding to fetuin-agarose 
(ref. 62); secondly, recombinant forms of PT with mutations or deletions involving Tyr-102 and Tyr-103 of S2 

25 or S3 show reduced biological activities (refs. 21 ,22). Cell-binding activity is also attenuated by deletion of Asn- 
105 in S2 or Lys-105 in S3 (refs. 21,22), residues that are in close proximity to those observed in the crystal 
structure to interact direct with the sugar. However, the central importance of residues Ser-104 and Arg-125 
of S2 and S3 in binding sialic acid residues has not been previously recognized. Analogues of PT in which one 
or more of these amino acid residues are deleted, replaced or modified are therefore predicted to exhibit altered 

30 biological activity. 

Example 7 

This Example describes the generation of a crystalline complex between PT and ATP, and determination 
35 of its 3D structure. 

PT was purified and crystallized as described in Example 1. Native crystals were soaked in a 30 mM sol- 
ution of ATP in 25 mM Na/K-phosphate, 0.3 M KCI, 0.02% NaN 3 , pH 8.0 for 1.5 day. Data were collected from 
a single crystal using a synchrotron radiation source and image plate detector on the Weissenberg camera 
(ref. 34). The data were processed using WEIS (ref. 35) and programs from the BIOMOL package (obtained 

40 from the laboratory of Chemical Physics, University of Groningen, Nijenborgha 16, 9747 AG, Groningen, Hol- 
land), and were 57% complete to 2.5 A, with a merging R-factor of 9.3% (33.1% at 2.5 A) and a multiplicity of 
3.0. Owing to radiation damage during data collection, the maximum resolution of the diffraction decreased 
from 2.5 A for the first images to 3.3 A for the last. Therefore data completeness beyond 3.3 A dropped rather 
quickly to 18% for the highest resolution shell. At 3.3 A the data were 88% complete, with a merging R-factor 

45 of 7.6% (17.5% at 3.3 A) and a multiplicity of 3.3. 

Crystals of the PT-ATP complex remained isomorphous with the native PT crystals (space group P2 1 2 1 2 1 , 
with cell dimensions a=163.8 A, b=98.2 A, c=194.5 A). As previously, the asymmetric unit contained two ho- 
lotoxin molecules related by non-crystallographic two-fold symmetry, and the data merged reasonably well 
with the native data (R merg e on amplitudes was 15.4% for all reflections in the range 30.0-2.9 A). The structure 

so was solved by rigid body refinement of the native PT structure against the PT-ATP data, using X-PLOR (ref. 
42). The B-va!ues for all atoms were reset to 25 A 2 , and all 1 2 subunits were treated as independent rigid bodies. 
The starting R-factor was 31.1% (10-3 A) and fell to 28.4% (10-3 A). 

A difference electron density map was calculated using the new model phases with SIGMAA-weighted 
Fourier coefficients (ref. 43). In the resulting map, the density for the ATP molecule was clearly recognizable 

55 as the most prominent feature of the map. Using the program O (ref. 41), a model of the ATP molecule was 
inserted into the difference electron density. The density also indicated that the C-terminus of subunit S1 and 
the side chain of Arg-69 of on of the S4 subunits, denoted S4b, changed their conformation. To obtain an 
unbiased density for these atoms, the C-terminal residues 234 and 235 of subunit S1 were removed and Arg- 
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69 of S4b was modified to an alanine residue. Positional refinement of this model, with a restraint to keep the 
two non-crystallographically related holotoxin molecules in the asymmetric unit similar, decreased the R-factor 
from 29.2% (8.0-2.7 A) to 25.5% (8.0-2.7 A) . In a new difference map, calculated as described above using 
the phases of the new model, there was clear electron density for the two C-terminal r sidues of subunit S1 

5 and the Arg-69 side chain, which were reintroduced into the model. 

Repeated cycles of model building and X-PLOR refinement finally resulted in a model for the complex in 
which each member of the dimer contained 935 amino acid residues (7259 atoms) and 31 atoms from the bound 
ATP molecule. In addition 81 water molecules were added per asymmetric unit The R-factor for this model 
was 22.9% (8.0-2.7 A), with tightly restrained B-vaiues (rms difference between bonded atoms 1.3 A 2 ) and 

w protein geometry (rms deviations from ideal bond lengths and angles 0.017 A and 2.0° respectively). 

Example 8 

This Example describes the analysis of the structure of the complex between pertussis toxin and ATP, and 
15 the identification of functionally important amino acid residues in pertussis toxin. 

The binding site of ATP in PT molecule 1 is shown in Figures 13 to 15. Figures 13 and 14 demonstrate 
that the ATP molecule is located in the central pore created by the pentameric B-ofigomer, very close to the 
C-terminus of subunit S1 . Figure 1 5 illustrates amino acid residues that signf icantly interact with the ATP mol- 
ecule. For simplicity, the individual subunits S1, S2, S3, S4a, S4b and S5 are denoted A, B, C, D, E and F, 
20 respectively. The ATP binding site in molecule 2 is almost identical. A list of all protein atoms within 3.5 A of at 
least one ATP atom in molecule 1 is given in Table 5 below. 

The binding of ATP to the holotoxin does not cause global changes in the quaternary or tertiary structure. 
The most prominent changes are displacements of the C-terminal three residues of the S1 subunit and the 
side-chain atoms of Arg-69 of subunit S4b t which are required in order to accommodate the ATP molecule. In 
25 addition, movement of the S1 tail helps to reduce the unfavourable electrostatic interactions between the neg- 
atively charged phosphate groups of ATP and the negative C-terminal carboxylate group of S1 , while movement 
of Arg-69 enhances the favourable electrostatic interactions between the phosphates and the positive side 
chain. 

30 Binding of ATP 

The triphosphate moiety of the ATP molecule is surrounded by a remarkable number of positively charged 
amino acid side chains. Thus Arg-150 and Lys-151 of S2, Arg-150 and Arg-151 of S3, and Arg-69 of S4b are 
all within 3.2 A of at least one phosphate oxygen. The C-terminal carboxylate group of subunit S1 is the only 
35 protein-derived negative charge within this range of a phosphate oxygen atom. Accordingly, it can be expected 
that the electrostatic interactions between the three negative charges on the phosphates and the surrounding 
positive charges of the protein contribute significantly to the overall binding energy of ATP. This conclusion is 
consistent with studies that show that binding of ADP to pertussis toxin is considerably weaker than that of 
ATP (refs. 3,4). 

40 The phosphate oxygen atoms 03, OS, 06, 07, 08, 09 and O10 all make hydrogen bonds to at least one 

protein atom. Important protein residues involved in these hydrogen bonds are the above-mentioned Arg-150 
and Lys-151 of S2, Arg-150 and Arg-151 of S3, and Arg-69 of S4b, plus Ser-61 of S4b. Oxygens 02 and 04 
appear not to make hydrogen bonds to the protein. The oxygen atoms 02* and 03* of the ribose unit of ATP 
form hydrogen bonds to Ser-61, Glu-65 and Arg-69 of subunit S4b. Of the four nitrogen atoms in the purine 

45 ring of ATP, only N7 takes part in a hydrogen bond, to residue Ser-62 of subunit S5. The other three do not 
have any contacts within 3.5 A. However, extensive Van der Waals interactions exist between the purine ring 
and the alkyl side chain of Arg-69 of S4b. In addition, the phenyl ring of Phe-59 of S5 plays an important role 
in shaping the cavity for the purine ring, even though its closest distance to the purine ring is 4.4 A (this residue 
not listed in Table 5). 

so Another aspect of the binding of ATP to PT relates to the fact that ATP occupies a site in the central pore 

of the B-oligomer which would normally be filled with solvent molecules. Most if not all of these solvent mole- 
cules would be expected to have some degree of structure, in view of the concentration of charged amino acid 
residues in the vicinity. Release of these water molecules would increase their entropy, thus giving a favourable 
contribution to the binding energy of the ATP molecule. 

55 

Functional amino acid residues 



The functional importance of ATP binding to pertussis toxin lies in its ability to loosen the interaction be- 

14 



EP 0 646 599 A2 

tween the catalytic S1 subunit and the B-oligomer, or allow its complete release (refs. 4,67). For example, in 
the absence of ATP, the in vitro ADP-ribosyltransferase activity of PT is reduced by 20-fold (ret 67). Modifi- 
cations to the structure of PT that prevent the release of subunit S1 can thus be expected to substantially affect 
the biological activity of PT. Accordingly, modifications that prevent ATP binding would also be expected to 

5 attenuate the biological activity of PT. Amino acid residues of PT shown to participate in binding ATP according 
to the forgoing crystallographic analysis are Arg-1 50 and Lys-1 51 of subunit S2, Arg-150 and Arg-1 51 of subunit 
S3, Ser-61 , Glu-65 and Arg-69 of subunit S4b, and Ser-62 of subunit S5. Of these, Arg-69 of subunit S4b is 
particularly important in view of its involvement in both polar and non-polar interactions with ATP. Ser-61 of 
subunit S4b and Ser-62 of S5 are significant as being the sole hydrogen bonding partners of 05 and N7 of 

w ATP, respectively, as well as lining the the binding pocket for the ATP molecule. In addition, Gly-58 of S5 oc- 
cupies a position where any larger amino acid residue would cause steric hindrance of a bound ATP molecule. 
Analogs of PT in which one or more of these amino acid residues are deleted, replaced or modified are therefore 
predicted to exhibit altered biological activity. 

An alternative approach to hindering the release of S1 required for activation of the toxin is to modify the 

15 C-terminus of S1 itself, since this segment is pushed aside on binding ATP. Thus extension of the S1 chain by 
one amino acid would be expected to impede the approach of an ATP molecule. Addition of a negatively-char- 
ged amino acid or replacement of the terminal Phe-235 with a negatively charged amino acid residue would 
provide additional electrostatic repulsion with respect to the triphosphate tail of ATP, while augmenting favour- 
able electrostatic interactions with neigbouring positively charged residues of the B subunits. Such changes 

20 would therefore be expected to yield PT analogs with altered biological activity. 

Entrance pathway of ATP 

To reach its binding site, the ATP molecule must approach the holotoxin from the side of the B-oligomer 
25 remote from S1, since no entrance pathway can be found from the opposite side which is blocked by the S1 
subunit. Blocking the entrance to this binding site would be expected to prevent activation of the toxin. Amino 
acid residues flanking the approach to the binding site are Ser-147 of S2, Gly-60 and Ser-61 of subunits S4a 
and S4b, and Asp-54, Thr-51 and Thr-55 of S5. Modifications to these residues in order to alter their size or 
polarity, therefore, would be expected to diminish the ability of ATP to bind to PT and hence its ability to activate 
30 the holotoxin. 

Example 9 

This Example describes the production of PT holotoxin analogues containing mutations at the specific sites 
35 identified by examination of the crystal structures disclosed herein. 

To produce PT analogues containing site-specific mutations, the tox operon may be mutatedand the mu- 
tant tox operon expressed in recombinant strains of Bordetella parapertussis or Bordetella pertussis. The ex- 
tent of detoxification is then estimated by an ADP-ribosyltransferase assay, by the CHO cell clustering assay, 
and by in vivo assays including histamine sensitisation and lymphocytosis-promotion. The techniques required 
40 to produce and analyze these analogues are reported in the following references, each of which is incorporated 
herein by reference: 

U.S. Patent 5,085,862 
U.S. Patent 5,221,618 
Loosmore, S. etal. (ref. 15) 
45 Zealey, G. et al. (ref. 65) 

Zealey, G. et al. (ref. 66) 
Loosmore, S. et al. (ref. 22) 
Briefly, DN A restriction enzymes were purchased from Bethesda Research Laboratories, Boehringer Man- 
nheim, New England BioLabs, and Pharmacia and used according to the specifications of the manufacturers, 
so All radioisotopes were supplied by New England Nuclear. Standard recombinant DNA techniques were per- 
formed as described by Maniatis et al. 

The tox operon from the Connaught vaccine strain 1 0536 and its flanking regions were cloned from a Char- 
on 35 phage library into pUC plasmids. The S1 gene was subcloned into M13mp18 for in vitro site-directed 
mutagenesis by the phosphorothioate procedure (Amersham). all mutations were confirmed by the dideoxy 
55 sequencing method of Sanger et al. Mutated tox operons were cloned into the replicating plasmid pRK404 (ref. 
68) and introduced into S. parapertusis by conjugation for production of PT analogs. 

B. pertussis strains were maintained in Bordet-Gengou medium containing 20% fresh def ibrinated sheep 
blood and cultured in Stainer-Scholt medium suppl mented with 0.2% (2,6-0-dimethyl)p-cyclod xtrin. Cul- 
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ture supernatants were typically harvested after 3 days of growth at 36°C. 

Enzyme immunoassays. PT concentration was determined by fetuin capture enzyme-linked immunosor- 
bent assay (ELISA). Nunc Immulon II ELISA plates were coated with fetuin (GIBCO; 2 ng/ml) for 16 h at 4°C 
in 50 mM sodium carbonate, pH 9.6. The plates were then washed three times in phosphate- buffered saline 
(PBS) containing 0.05% Tween 20. Wild-type PT or sample PT was serially diluted and added to the wells, 
and the plates were incubated for 30 min at room temperature. After three washes, bound PT was detected 
with monospecific rabbit anti-PT or anti-S1 antibodies purified by protein A affinity chromatography (Pharma- 
cia) and conjugated to peroxidase. The plates were washed, and tetramethyl benzidine (Allelix Diagnostics Inc.) 
in 0.005% hydrogen peroxide was added to determine the amount of bound enzyme. The reaction was stopped 
by the addition of 1 M H 2 S0 4 . The A450 was determined by using a reference wavelength of 540 nm (Biotek 
EIA Autoreader model EL310). 

Antigenicity immunoassay. A panel of murine monoclonal anti-PT antibodies was developed in our labo- 
ratories from splenocytes of mice immunized with detoxified PT. The monoclonal antibody PS21 was shown 
to recognize the S1 subunit in association with free and fetuin-bound B oligomer. The LP12 monoclonal anti- 
body recognizes the S3/S4 dimer. Polyclonal anti-PT antisera were raised in rabbits immunized with purified 
PT. 

The analogs of PT may have one or more of these amino acid residues deleted, replaced or modified either 
singly or severally, and either in the absence of or in addition to other mutations. The amino acid residues de- 
scribed herein could be replaced by any other a-amino acid, for example, but not exclusively, by means of ge- 
netic manipulation in a cellular expression system or by chemical synthesis of individual subunits. It is also 
understood that certain of these amino acid residues could also be modified subsequent to protein synthesis 
by chemical or biochemical methods. Such approaches are described in the scientific literature and will be 
familiar to those skilled in the art. 

One consideration in the selection of amino acid residues with which to replace the identified natural amino 
acid residues is the likely functions of the natural amino acid residues in the toxin, and their spatial and chem- 
ical characteristics in relation to the available replacements. This process is facilitated by the exclusive ability 
of the inventors to inspect the detailed three-dimensional structure of PT outlined in this document, and ap- 
praise the unique environment of each amino acid residue. 

The present invention, therefore, provides PT analogs in which the amino acid residues specified accord- 
ing to subunit in Table 3 below are deleted, replaced or modified alone or in combination with additional mu- 
tations. Preferred amino acid replacements at each site are also shown. 

The present invention also provides pertussis toxin analogues in which at least one of the amino acid re- 
sidues from position 211 to position 220 of subunit S1 is deleted, substituted or modified, either exclusive or 
inclusive of additional mutations in the PT molecule. Preferably, but not exclusively, one goal of such sequence 
changes is to remove protease cleavage sites signalled by Met-212, Trp-215 and Arg-217. Examples of pre- 
ferred amino acid substitutions at these positions are as follows: 

Met-211 -»SerorThr 
Trp-21 5 — ► Asn or His 
Arg-217 Ser or Gin 

The present invention further provides pertussis toxin analogues in which the hydrophobic region between 
residues 184 and 203 of subunit S1 is rendered more hydrophilic by substitution of one or more non-polar r - 
sidues by polar or charged residues. 

Referring to Table 6, there is shown the characterization of PT analogs having mutations S2 Arg-125 
Ala, S3 Arg-125 -> Ala and S2 Lysine-83 Ala. To determine the concentration of PT analog production, ana- 
logs were captured with a polyclonal anti-PT antiserum and detected with a further polyclonal anti-PT antiser- 
um. It is considered that this ELISA gives the most reliable measure of PT analog concentration, since neither 
capture nor detection depends upon maintenance of any particular single epitope. The ability of PT analogs 
to bind to fetuin was taken as a measure of the integrity of the fetuin binding sites on S2 and/or S3. Thus, the 
ratio of the concentration of PT analog determined by the fetuin capture ELISA and the polyclonal capture ELI- 
SA (corrected for the ratio of this ratio for wild-type PT) is a measure of the detoxification of the PT analog. 

The results shown in Table 6 indicate that PT analogs having amino acid replacements at sites in the S2 
and S3 subunits modified by a method comprising (a) identifying at least one amino acid residue of the holo- 
toxin for modification by analyzing a three-dimensional structure of crystalline pertussis holotoxin determined 
by X-ray crystallography in relation to known information concerning protein structure and function; (b) effect- 
ing mutagenesis of a fox operon encoding the holotoxin to remove or replace a nucleotide sequence coding 
for said at least one amino acid residue and to produce a mutant tox operon; and (c) expressing the mutant 
tox operon in a BordeteUa organism to produce the modified holotoxin, have altered biological activities. In this 
embodiment the modified biological activity is cell binding. 
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It is emphasized that the described amino acid replacements only examples of convenient r placements 
of the identified amino acid residues to disrupt the function of the natural amino acid residues at thes loca- 
tions. Other substitutions, modifications or deletions, according to the methods outlined above, may also b 
used to achieve modification of pertussis toxin, and are within the scope of the present invention. 

SUMMARY OF DISCLOSURE 

In summary of this disclosure, the present invention provides the three-dimensional crystal structures of 
pertussis toxin and of complexes of PT bound to functionally relevant molecules, as determined by X-ray crys- 
tallography. These provide the ability to identify functional amino acids for modification to alter the biological 
properties of PT, Modifications of such amino acids are possible within the scope of this invention. 

TABLE 1 

Oligosaccharides suitable for forming complexes with 
pertussis toxin for crystallographic analysis 



Name 
lactose 

A/-acetyllactosamine 

3'-siaIyliactose 

3 '-sialyl- /V-acetyllactosamine 

6'-sialyllactose 

6'-sialyl-A/-acetylIactosamine 

lacto-W-biosc 

2'-fucosyllactose 

3 f -fucosyl!actose 

Lewis* trisaccharide 

Lewis 3 trisaccharide 

sialyl-Lewis* 



\p 2 W-acetylglucosamine-manncse 
biantennary undecasaccharide 

Neu5 Ac(2o t 6)-Gal( l/?,4)-GlcNA:( l/?,2)-Man( 1 cr,6) 



Formula 

Gal(10,4)GIc 

Gal(i/?,4)GlcNAc 

Neu5Ac(2cr,3)Gal(l/?,4)G!c 

Neu5Ac(2cr,3)Gal(l/?,4)GlcNAc 

Neu5Ac(2cr,6)Gal(l/?,4)Glc 

Neu5Ac(2a,6)Gal(l/?,4)GlcNAc 

Gal(l/?,3)GlcNAc 

Fuc(la,2)Ga!(10,4)Glc 

Gal(l/?,4)[Fuc(lcr,3)Glc] 

Gal(!/?,4)[Fuc(lCT,3)GlcNAc] 

Gal(l/?,3)[Fuc(la,4)G!cNAc] 

Neu5Ac(2ff,3)Gal(l/? 1 4)[Fuc(lo l 3)GlcNAc] 
GlcNAc(l/?,2)Man 



Man(l/?,4)-G!cNAc(I/?.4)-GlcNac 



Neu5 Ac(2a,6)-Gal( l/7,4)-GlcN Ac( 10,2)-Man( la, 3) 
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TABLE 2 
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TABLE 3 

Functional amino acid residues in pertussis toxin 
Subunit Residues Preferred Replacement 



Phe- 


23 


Asp 


or 


Glu 


Ser- 


48 


Ala 






Val- 


51 


He 






Gln- 


127 


Ala 


or 


Asp 


Leu- 


131 


Lys 


or 


Arg 


Gly- 


199 


Val 


or 


Gin 


Ala- 


200 


He 






Phe- 


235 


Glu 







15 



20 



25 



S2 



S3 



30 



35 



40 



S4 



45 



50 



S5 



ri 1 S - 


X D 


ax a 


or 


i nr 


Vjlll 






or 


1 l XL 


Trp- 


52 


Val 






Glu- 


66 


Ala 


or 


Lys 


Asp - 


ft 1 




or 


be r 


Leu - 


8 2 


Ala 


or 


VjIU 


Lys - 


ft T 


Pin 








104 


A "I 

Aia 






Arg - 


12 5 


Ala 








1 A 7 

J. / 


1 I IX 






Arg - 


1 50 


Ser 






Lys - 


151 


Ser 






bin- 


1 D 


ax a 


or 


i nr 


Gl n - 


16 


AT-. 

Ala 


or 


Tnr 


Tyr- 


82 


Ala 


or 


Val 


Arg- 


3 3 


Glu 






Ser - 


104 


Ala 






Arg- 


125 


Ala 






Arg- 


150 


Ser 






Arg- 


151 


- Ser 






Asp- 


1 


Ala 






Tyr- 


4 


Ala 


or 


Val 


Gly- 


60 


Val 






Ser- 


61 


Ala 






Glu- 


65 


Ala 






Arg- 


69 


Ala 






Thr- 


88 


Val 






Pro- 


93 


Ala 






Asp- 


54 


Glu 






Thr- 


51 


Tyr 






Thr- 


55 


Tyr 






Gly- 


53 


Val 






Ser- 


62 


Ala 







55 
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Hydrogen bonding distances between the sialic acid moiety of the transferrin undecasaccharide and subunits 
S2 or S3 of PT at three equivalent binding sites in the PT-carbohydrate complex. 


sialic acid atom 


protein atom 




Hydrogen-bond distance (A) at each binding site 






Or MOI 1 


S3 of Mol 1 


S3 of Mol 2 


601A 


OG of Ser-104 


2.8 


2.9 


2.8 


01B 


N of Ser-104 


3.1 


2.7 


2.8 


08 


NH2 of Arg-125 


2.6 


2.5 


2.4 


09 


NH1 of Arg-125 


2.6 


2.5 


2.5 


N5 


Oof Tyr-102 


3.0 


2.7 


2.6 



20 



25 



30 



35 



40 



45 



50 
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TABLE 5 

Interaction distances less than 3.5 A between ATP 
and the protein in the PT-ATP complex 
Subunit 



SI 



10 



15 



20 



25 



S2 



S3 



30 



35 



S4b 



40 



45 



50 



S5 



Res idue 


Atom 


7\ HP T5 7\f 


U± o LduCc 


Phe-235 


N 


03 


3.20 


Phe-235 


N 


03 


3 .20 


Phe-235 


C 


010 


3.41 


rfie - z J d 


U 1 1 


Pit n 




Phe-235 


OT2 


PI 


2. 99 






02 


3.34 






03 


2 . 74 








. o o 






07 


3 . 25 






P3 . 


3 .45 






08 


3 . 31 






O10 


3 . 11 


Arg- 150 


iNriz 




J . i. z 


Lys-151 


CE 


08 


3 . 17 


Lys-151 


NZ 


08 


3 . 01 


Arg-150 


NH2 


"06 


3 . 24 




07 


3 . 35 


Arg- 151 


NK2 


P3 


3 . 04 






09 


2 . 80 






o:o 


2.43 


Met-18 


CE 


04 ' 


3 . 27 


Ser-61 


OG 


02' 


3 . C7 






P2 


3 .37 






Ob 


2.93 






06 


2 . 57 


Glu-65 


CD 


03 ' 


3 . 39 


Glu-55 


OE1 


C3' 


3 . 07 






03 ' 


2 . 50 


Arg- 59 


NE 


N7 


3 . 34 


Arg- 5 9 


CZ 


N7 


3 .21 






C8 


3 . 12 






U j 


«j . *± «j 


Arg- 6 9 


NH1 


C3 


3 . 28 




C2 ' 


3.48 






02 ' 


3 . 33 






03 


2 . 85 






OS 


3 . 25 


Arg-69 


NH2 


N7 


3 . 16 






C8 


3 . 24 






03 


3 . 18 


Gly-58 


CA 


02 


2 . 57 


Gly-b8 


C 


Q2 


3.40 


Ser-62 


OG 


N7 


2 . 30 
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TABLE 6 



Characterization of PT analogs 




Concentration of PT < 


analog by ELISA (ig/mL 




PT Analog 


Fetuin Capture 


Polyclonal antibody cap- 
ture 


Mean Residual toxicity (%) 


S2 Lys-83 Ala 


0.4 




1.03 


86 




0.3 




0.87 






0.38 




0.85 






0.33 




1.74 




S2 Arg-125 Ala 


0.1 




1.16 


28 




0.15 




0.91 






0.87 




8.05 






0.33 




3.37 






0.36 




3.37 




S3 Arg-125 Ala 


0.25 




4.95 


47 




1.20 




9.50 






1.00 




6.90 






0.82 




1.74 






0.82 




5.77 




Wild-type 


0.4 

0.75 

1.10 


0.6 

2.54 

4.48 


100 
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(1985) Plasmid 13:149-153 



SEQUENCE LISTING 



(1) GENERAL INFORMATION: 



<i) APPLICANT: 



10 



15 



20 



25 



30 



35 



40 



45 



50 



NAME: Connaught Laboratories Limited 

STREET: 1755 Steeles Avenue West 

CITY: Willowdale 

STATE: Ontario 

COUNTRY : Canada 

POSTAL CODE (ZIP) : M2R 3T4 

TELEPHONE: (416) 667-2701 

TELEFAX: (416) 667-0313 

NAME: University of Alberta 
STREET: 

CITY: Edmonton 
STATE : Alberta 
COUNTRY : Canada 

POSTAL CODE (ZIP) : None 

NAME: Randy J. Read 

STREET: 10746 75th Avenue 

CITY: Edmonton 

STATE : Alberta 

COUNTRY : Canada 

POSTAL CODE (ZIP) : T6E 1J9 

NAME : Penelope E . Stein 
STREET: 6 Great Eastern Street 
CITY: Cambridge 
COUNTRY: United Kingdom 
POSTAL CODE (ZIP) : None 

NAME: Stephen A. Cockle 

STREET: 159 Stephen Street 

CITY: Richmond Hill 

STATE: Ontario 

COUNTRY : Canada 

POSTAL CODE (ZIP) : L4C 5P9 

NAME : Raymond ? . Oomen 

STREET:* P.O. Box 10 # R.R. #3 

CITY: Tottenham 

STATE: Ontario 

COUNTRY : Canada 

POSTAL CODE (ZIP) : LOG 1W0 

NAME: Sheena M. Loosmore 

STREET: 70 Crawford Rose Drive 

CITY: Aurora 

STATE: Ontario 

COUNTRY: Canada 

POSTAL CODE (ZIP) : L4G 4R4 

NAME: Michel H. Klein 

STREET: 16 Munro Boulevard 

CITY: Willowdale 

STATE: Ontario 

COUNTRY : Canada 

POSTAL CODE (ZIP) : M2P 1B9 
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(A) NAME: Glen D. Armstrong 

(B) STREET: 7951 91st Avenue 

(C) CITY: Edmonton 
<D) STATE: Alberta 

(E) COUNTRY: Canada 

(F) POSTAL CODE (ZIP) : T6C 1P9 

(A) NAME: Bart Hazes 

(B) STREET: 11012 82nd Avenue 

(C) CITY: Edmonton 

(D) STATE: Alberta 

( E ) COUNTRY : Canada 

(F) POSTAL CODE (ZIP) : T6G 2P6 



(ii) TITLE OF INVENTION: MODIFICATOIN OF PERTUSSIS TOXIN 
15 Jixi) NUMBER OF SEQUENCES: 46 

(iv) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Floppy disk 

(B) COMPUTER: IBM PC compatible 

(C) OPERATING SYSTEM: PC - DOS /MS - DOS 

2° (D) SOFTWARE: Patentln Release #1.0, Version #1.25 (EPO) 

(2) INFORMATION FOR SEQ ID NO : 1 : 

(i) SEQUENCE CHARACTERISTICS: 
25 (A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 
(CJ STRANDEDNESS : single 

(D) TOPOLOGY: linear 



30 



35 



40 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 1 : 

Val Tyr Arg Tyr Asp Ser 
1 5 



(2) INFORMATION FOR SEQ ID NO : 2 : 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH:' 12 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 2 : 

Phe Val Ser Thr Ser Ser Ser Arg Arg Tyr Thr Glu 
15 10 

45 (2) INFORMATION FOR SEQ ID NO : 3 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 
50 (D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

Phe lie Gly Tyr lie Tyr Glu Val Arg 
1 5 
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(2) INFORMATION FOR SEQ ID NO : 4 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 



10 



15 



20 



35 



40 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 4 : 

Ser Glu Tyr Leu Ala His Arg 
1 5 



(2) INFORMATION FOR SEQ ID NO : 5 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 5 : 

Asn lie Arg Arg Val 
1 5 

(2) INFORMATION FOR SEQ ID NO : 6 : 

25 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY; linear 

30 (xi) SEQUENCE DESCRIPTION: SEQ ID NO : 6 : 

Leu Tyr Arg Ala Asp Ser 
1 5 



(2) INFORMATION FOR SEQ ID NO : 7 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 12 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 7 : 

Tyr Val Ser Thr Ser Leu Ser Leu Arg Ser Ala His 
15 10 

45 (2) INFORMATION FOR SEQ ID NO : 8 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 
50 (D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 8 : 

Ser Thr Tyr Tyr lie Tyr Val lie Ala 
1 5 
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(2) INFORMATION FOR SEQ ID NO : 9 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 
5 (B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 9 : 

10 Gin Glu Val Ser Ala Leu Gly 

1 5 

(2) INFORMATION FOR SEQ ID NO: 10: 

(i) SEQUENCE CHARACTERISTICS: 
75 (A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 



20 



35 



40 



50 



55 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 10 : 

Gin lie Tyr Gly Trp 
1 5 



(2) INFORMATION FOR SEQ ID NO: 11: 

25 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

30 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 11: 

Gly Tyr His Gly Thr Phe 
1 5 



(2) INFORMATION FOR SEQ ID NO: 12: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH:* 12 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 12: 

Gly Phe Tyr lie Ala Gly Asp Pro Ala Leu Ala Tyr 
1 5 10 

45 (2) INFORMATION FOR SEQ ID NO: 13: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 13: 

Arg Asn Gly Ala Leu Leu Arg Val Tyr 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 14: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 14: 

Leu Glu Thr lie Leu Gly Trp 
1 S 

(2) INFORMATION FOR SEQ ID NO: 15: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 15: 

20 Val Val He Pro Ser 

1 5 

(2) INFORMATION FOR SEQ ID NO: 16: 

(i) SEQUENCE CHARACTERISTICS: 
25 (A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 



15 



30 



45 



50 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 16: 

Ser Tyr His Gly Thr Lys 
1 5 



(2) INFORMATION FOR SEQ ID NO: 17: 

35 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 12 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

40 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 17: 

Gly Phe Tyr Ser Thr Asp Asn Lys Tyr Asp Ala Ala 
1.5 10 

(2) INFORMATION FOR SEQ ID NO:18: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 18: 

Lys Ala Gly Gly Val Val Lys Val Thr 
1 s 

55 
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(2) INFORMATION FOR SEQ ID NO: 19: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 
5 ' (B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 19: 

10 Val Glu Tyr lie Asn Asn Trp 

1 . 5 

(2) INFORMATION FOR SEQ ID NO: 20: 

(i) SEQUENCE CHARACTERISTICS: 
15 (A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 



20 



35 



40 



45 



50 



(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 20: 

Ser Val Glu Leu Glu 
1 5 



{2) INFORMATION FOR SEQ ID NO: 21: 

25 (i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 6 9 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

30 (Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 21: 

Thr Pro Asp Cys Val Thr Gly Lys Val Glu Tyr Thr Lys Tyr Asn Asp 
15 10 15 



Asp Asp Thr Phe Thr Val Lys Val Gly Asp Lys Glu Leu Phe T{ir Asn 
20 25 30 

Arg Trp Asn Leu Gin Ser Leu Leu Leu Ser Ala Gin lie Thr Gly Met 
35 40 45 

Thr Val Thr lie Lys Thr Asn Ala Cys His Asn Gly Gly Gly Phe Ser 
50 55 60 

Glu Val He Phe Arg 
65 

(2) INFORMATION FOR SEQ ID NO: 22: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 104 amino acids 

(B) TYPE: amino acid 

<C) STRANDEDNESS: single 
(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 22: 

Gin Pro Ala Thr Asp His Tyr Tyr Ser Asn Val Thr Ala Thr Arg Leu 
15 10 15 
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10 



15 



25 



30 



35 



40 



Leu Ser Ser Thr Asn Ser Arg Leu Cys Ala Val Phe Val Arg Ser Gly 
20 25 30 

Gin Pro Val lie Gly Ala Cys Thr Ser Pro Tyr Asp Gly Lys Tyr Trp 
35 40 45 

Ser Met Tyr Ser Arg Leu Arg Lys Met Leu Tyr Leu He Tyr Val Ala 
50 55 60 

Gly He Ser Val Arg Val His Val Ser Lys Glu Glu Gin Tyr Tyr Asp 
65 70 75 80 

Tyr Glu Asp Ala Thr Phe Glu Thr Tyr Ala Leu Thr Gly He Ser He 
85 90 95 

Cys Asn Pro Gly Ser Ser Leu Cys 
100 

(2) INFORMATION FOR SEQ ID NO:23: 



(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 104 amino acids 

(B) TYPE: amino acid 

20 (C) STRANDEDNESS : single 

<D> TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 23: 



Gin Pro Ala Ala Asp His Tyr Tyr Ser Lys Val Thr Ala Thr Arg Leu 
15 10 15 

Leu Ala Ser Thr Asn Ser Arg Leu Cys Ala Val Phe Val Arg Asp Gly 
20 25 30 

Gin Ser Val He Gly Ala Cys Ala Ser Pro Tyr Glu Gly Arg Tyr Arg 
35 40 45 

Asp Met Tyr Asp Ala Leu Arg Arg Leu Leu Tyr Met lie Tyr Met Ser 
50 55 60 

Gly Leu Ala Val Arg Val His Val Ser Lys Glu Glu Gin Tyr Tyr Asp 
65 _ 70 75 80 

Tyr Glu Asp Ala Thr Phe Gin Thr Tyr Ala Leu Thr Gly He Ser Leu 
85 90 95 

Cys Asn Pro Ala Ala Ser He Cys 
100 

(2) INFORMATION FOR SEQ ID NO: 24: 



(i) SEQUENCE CHARACTERISTICS: 

{A) LENGTH: 110 amino acids 
(B) TYPE: amino acid 
45 (C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 24: 

Asp val Pro Tyr Val Leu Val Lys Thr Asn Met Val Val Thr Ser val 
50 1 5 10 15 

Ala Met Lys Pro Tyr Glu Val Thr Pro Thr Arg Mec Leu Val Cys Gly 
20 25 30 
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lie Ala Ala Lys Leu Gly Ala Ala Ala Ser Ser Pro Asp Ala His Val 
35 40 45 

Pro Phe Cys Phe Gly Lys Asp Leu Lys Arg Pro Gly Ser Ser Pro Met 

5 50 .55 60 

Glu Val Met Leu Arg Ala Val Phe Met Gin Gin Arg Pro Leu Arg Met 

65 70 75 80 

Phe Leu Gly Pro Lys Gin Leu Thr Phe Glu Gly Lys Pro Ala Leu Glu 
10 85 90 95 

Leu He Arg Asn Val Glu Cys Ser Gly Lys Gin Asp Cys Pro 
100 105 110 



15 



20 



25 



30 



35 



40 



45 



50 



55 



(2) INFORMATION FOR SEQ ID NO: 25: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 99 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 25: 

Gly Leu Pro Thr His Leu Tyr Lys Asn Phe Thr Val Gin Glu Leu Ala 
1 5 " 10 15 

Leu Lys Leu Lys Gly Lys Asn Gin Glu Phe Cys Leu Thr Ala Phe Met 
20 25 30 

Ser Gly Arg Ser Leu Val Arg Ala Cys Leu Ser Asp Ala Gly His Glu' 
35 40 45 

His Asp Thr Trp Phe Asp Thr Met Leu Gly Phe Ala He Ser Ala Tyr' 
50 55 60 

Ala Leu Lys Ser Arg He Ala Leu Thr Val Glu Asp Ser Pro Tyr Pro 
65 70 75 80 

Gly Thr Pro Gly Asp Leu Leu Glu Leu Gin He Cys Pro Leu Asn Gly 
85 90 95 

Tyr Cys Glu 

(2) INFORMATION FOR SEQ ID NO: 26: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 93 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 26: 

Glu Tyr Arg Asn Thr Gin He Tyr Thr He Asn Asp Lys He Leu Ser 
15 10 15 

Tyr Thr Glu Ser Met Ala Gly Lys Arg Glu Met Val He He Thr Phe 
20 25 30 

Lys Ser Glv Glu Thr Phe Gin Val Glu Val Pro Gly Ser Gin His He 
3S* 40 45 
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10 



15 



20 



25 



30 



35 



40 



Asp Ser Gin Lys Lys Ala He Glu Arg Met Lys Asp Thr Leu Arg He 
50 55 60 

Thr Tyr Leu Thr Glu Thr Lys He Asp Lys Leu Cys Val Trp Asn Asn 
65 70 75 so 

Lys Thr Pro Asn Ser He Ala Ala He Ser Met Lys Asn 
85 90 

(2) INFORMATION FOR SEQ ID NO: 27: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 27: 

Asn Lys Thr Arg Ala Leu 
1 5 

(2) INFORMATION FOR SEQ ID NO : 2 8 : 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 13 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:23: 

Ser Gly Asp Leu Gin Glu Tyr Leu Arg His Val Thr Arg 
1 5 10 

(2) INFORMATION FOR SEQ ID NO : 2 9 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: sinole 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION : SEQ ID NO : 2 9 : 

Ser He Phe Ala Leu 
1 5 

(2) INFORMATION FOR SZQ ID NO: 30: 



(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 

4 5 (C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 30: 

Asp Gly Thr Tyr Leu 
50 1 5 

(2) INFORMATION FOR *SEQ ID NO: 31: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 7 amino acids 

55 
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(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 31: 

Tyr Gly Gly Val lie Lys Asp 
1 5 

(2) INFORMATION FOR SEQ ID NO: 32: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

'5 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 32: 

Thr Thr Phe Cys He Met 
1 5 



10 



20 



25 



(2) INFORMATION FOR SEQ ID NO: 33: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION : SEQ ID NO: 33: 

Asn Gly Thr Arg Ala Leu 
1 5 

30 (2) INFORMATION FOR SEQ"- ID NO: 34: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 13 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 
35 <D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 34: 

Asn Ala Glu Leu Gin Thr Tyr Leu Arg Gin He Thr Pro 
15 10 



40 



50 



55 



(2) INFORMATION FOR SEQ ID NO: 35: 



(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 

45 (C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION : SEQ ID NO: 35: 



Ser He Tyr Gly Leu 
l 5 

(2) INFORMATION FOR SEQ ID NO; 36: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 5 amino acids 
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10 



15 



<B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 36: 

Asp Gly Thr Tyr Leu 
1 5 

(2) INFORMATION FOR SEQ ID NO: 37: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 37: 

Tyr Gly Gly lie lie Lys Asp 
1 5 

20 (2) INFORMATION FOR SEQ ID NO: 38: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 
25 (D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 38: 

Glu Thr Phe Cys lie Thr 
1 5 



30 



40 



45 



50 



(2) INFORMATION FOR SEQ ID NO: 39: 



(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 

35 (C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 3 9 : 



55 



Leu Arg Gly Thr Val Ala 
1 5 

(2) INFORMATION FOR SEQ ID NO: 40: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 13 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 4 0 : 

Asn Ala Glu Glu Asn Lys Ala lie Gin Glu Val Ala Lys 
1 5 10 

(2) INFORMATION FOR SEQ ID NO: 41: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 5 amino acids 
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(B) 
(C) 
(D) 



TYPE: amino acid 
STRANDEDNESS : single 
TOPOLOGY: linear 



5 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 41: 



Thr Ser Ala Phe Leu 
1 5 



(2) INFORMATION FOR SEQ ID NO:42: 



10 



(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION : SEQ ID NO: 42: 

Cys Val Thr He Val 
1 5 

(2) INFORMATION FOR SEQ ID NO:43: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 43: 

Asp Asn Gly Leu Trp Asn Asp 
1 5 

(2) INFORMATION FOR SEQ ID NO: 44: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 6 amino acids 

(B) TYPE : amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 44: 

Thr Ala Val Cys Glu Phe 
1 5 



(2) INFORMATION FOR SEQ ID NO: 45: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 45: 



40 



50 



Ala 
1 



Met Ala Ala Trp Ser Glu Arg Ala Gly 
5 10 
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(2) INFORMATION FOR SEQ ID NO: 46: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 20 amino acids 

(B) TYPE: amino acid 

5 (C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:46: 

Val Ala Ser lie Val Gly Thr Leu Val Arg Met Ala Pro Val lie Gly 
10 1 5 10 15 

Ala Cys Met Ala 
20 

15 

Claims 

1. A method of predicting at least one site contributing to the biological activity of pertussis holotoxin, char- 
20 acterized by analyzing a three-dimensional structure of crystalline pertussis holotoxin determined by X-ray 

crystallography, in relation to known information concerning protein structure and function, to identify said at 
least one site. 

2. The method claimed in claim 1, wherein said biological activity is selected from toxicity, cell binding, 
mitogenicity, enzymatic activity and adjuvanticity, and said analyzing step is characterized by: 

25 (A) 

(a) comparing said three-dimensional structure of pertussis holotoxin with known three-dimensional 
structures of enzymes with substantial functional resemblance to pertussis holotoxin; and 

(b) identifying structurally conserved regions between said pertussis holotoxin and said enzymes; or 

<B) 

30 (a) comparing said three-dimensional structure of pertussis holotoxin with known three-dimensional 

structures of other proteins with carbohydrate binding properties; and 

(b) identifying regions of structural resemblance of said pertussis holotoxin to said proteins; or 

(C) 

(a) locating amino acid residues of said three-dimensional structure known to contribute to biological 
35 activity of the holotoxin; and 

(b) identifying spatially-proximate amino acid residues interacting with said known amino acid residues 
within said three-dimensional structure. 

3 The method claimed in claim 2 wherein said enzymes in step (A) (a) comprise bacterial toxins having 
ADP-ribosyl transferase activity. 
40 4. The method claimed in claim 2 or 3, wherein said analyzing step further comprises: 

aligning amino acid sequences of pertussis holotoxin with those of said enzymes or said other proteins 
with carbohydrate binding properties according to structural equivalence determined by said identification 
step. 

5. A method of identifying at least one site in pertussis holotoxin that interacts with a molecule that is ca- 
45 pable of forming a complex with the holotoxin, characterized by: 

(a) providing a crystalline complex between at least a portion of pertussis holotoxin and the molecule; 

(b) determining the three-dimensional structure of the complex by X-ray crystallography; and 

(c) analysing the structure to identify the at least one interacting site. 

6. The method claimed in claim 5, wherein the at least one site contributes to toxicity, cell binding, mito- 
50 genicity, enzymatic activity or adjuvanticity of pertussis holotoxin. 

7. The method claimed in claim 5 or 6, wherein the step of forming the crystalline complex includes ex- 
posing crystals of the at least a portion of the holotoxin to the molecule, under conditions to effect formation 
of the crystalline complex without substantial disruption of the crystals. 

8. The method claimed in any one of claims 5 to 7, wherein said molecule is selected from a ligand, an 
55 effector, and a substrat for the enzymatic activity of pertussis holotoxin. 

9. The method claimed in claim 8, wherein the ligand is a cell-surface molecule, or the effector molecule 
is an adenine nucleotide, or NAD or a substantially non-hydrolysable analog of NAD, a GTP-binding protein, 
an a-subunit of a GTP-binding protein, or a C-terminal fragment of an a-subunit of a GTP-binding protein. 
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10. The method claimed in claim 9, wherein the cell-surface molecule is a carbohydrate, or the adenin 
nucleotid is ATP, or the GTP-binding protein is G ( , G Q . or transducin. 

11. The method claimed in claim 10, wherein the carbohydrate comprises at least a portion of a glycolipid 
or glycoprotein. 

12. The method claimed in claim 11, wherein the carbohydrate is an oligosaccharide selected from those 
shown in Table 1 . 

13. The method claimed in any one of claims 1 to 12, further comprising modifying the identified at least 
on site to alter the biological activity of the pertussis holotoxin. 

14. The use of a three-dimensional structure of crystalline pertussis holotoxin determined by X-ray crys- 
tallography for identifying at least one site in said pertussis holotoxin contributing to the biological activity 
thereof. 

15. The use of the three-dimensional structure of a crystalline complex between at least a portion of per- 
tussis holotoxin and a molecule capable of complexing with the holotoxin determined by X-ray crystallography 
for identifying at least one site in the holotoxin that interacts with the molecule. 

16. The invention claimed in claim 14 or 15, wherein the at least one site contributes to toxicity, cell binding, 
mitogenicity, enzymatic activity or adjuvanticity of pertussis holotoxin, 

17. A crystalline form of isolated pertussis holotoxin in which the molecules of pertussis toxin have the 
three-dimensional structure represented by Figures 1 and 2. 

18. The crystalline form of pertussis holotoxin claimed in claim 17, wherein the molecules are in dimeric 
form as shown in Figure 8. 

19. The crystalline form of pertussis holotoxin claimed in claim 17 or 18 having a space group P2 1 2 1 2 1 , 
with cell dimensions a = 1 63.8 A, b = 98.2 A and c = 1 94.5 A. 

20. The crystalline form of pertussis holotoxin as claimed in any one of claims 17 to 19 having the three- 
dimensional structure represented by Figures 10 and 11 or by Figures 13 and 14. 

21. The crystalline form of isolated pertussis holotoxin as claimed in any one of claims 17 to 20 and char- 
acterized by the atomic co-ordinates specified in Accession Number 1 PRT of the Brookhaven Protein Data 
Bank. 

22. A method for producing a modified pertussis holotoxin, characterized by: 

(a) identifying at least one amino acid residue of the holotoxin for modification by analyzing a three- 
dimensional structure of crystalline pertussis holotoxin determined by X-ray crystallography in relation to 
known information concerning protein structure and function; 

(b) effecting mutagenesis of a fox operon encoding the holotoxin to remove or replace a nucleotide se- 
quence coding for said at least one amino acid residue and to produce a mutant tox operon; and 

(c) expressing the mutant tox operon in a Bordetella organism to produce the modified holotoxin. 

23. The method claimed in claim 22, wherein said at least one amino acid residue is located from residue 
184 to 203 or from residue 211 to 220 of subunit S1 of pertussis holotoxin. 

24. A method for producing a modified form of at least a portion of pertussis holotoxin, characterized by: 

(a) forming a crystalline complex between at least a portion of pertussis holotoxin and a molecule capable 
of complexing with the holotoxin; 

(b) determining a three-dimensional structure of the complex; 

(c) analysing the structure to identify at least one amino acid residue of the at least a portion of pertussis 
holotoxin interacting with the molecule; 

(d) effecting mutagenesis of a nucleotide sequence encoding the at least a portion of the pertussis holo- 
toxin to remove or replace a codon for the at least one amino acid and/or to insert at least one codon ad- 
jacent the codon for the at least one amino acid to produce a mutant nucleotide sequence; and 

(e) expressing the mutant nucleotide sequence to produce the modified form of at least a portion of per- 
tussis holotoxin. 

25. The method claimed in claim 24, wherein the at least a portion of pertussis holotoxin is pertussis ho- 
lotoxin or an analog thereof and the step of expressing the mutant nucleotide sequence is effected in a Bor- 
detella organism. 

26. The method claimed in claim 24 or 25, wherein the at least one additional codon is inserted adjacent 
the 3 -codon of the nucleotide sequence encoding the S1 subunit of pertussis holotoxin. 

27. The method claimed in claim 26, wherein said at least one additional codon codes for at least one neg- 
atively-charged amino acid. 

28. The method claimed in claim 27, wherein said negatively-charged amino acid is Asp or Glu. 

29. The method claimed in any one of claims 23 to 25, wherein the at least one identified amino acid residue 
contributes to a biological activity of the holotoxin selected from the group consisting of toxicity, cell binding, 
mitogenicity, enzymatic activity and adjuvanticity. 
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30. The method claimed in claim 29, wherein said at least one amino acid residue is selected from any 
one of those amino acid residues specified in Table 3. 

31. The method claimed in claim 30, wherein said at least one amino acid residue is substituted by an 
amino acid residue as specified in Table 3. 

5 32. A mutant pertussis holotoxin, characterized by at least one amino acid residue in the S1, S2, S3, S4 

orS5 subunits is deleted or substituted by another amino acid residue, and said at least one amino acid residue 
is selected from the group consisting of: 





o UiJUI 1 1 L. 


KcS lUUcS 


10 










xr ne - a .5 






vai ~j J- 






m n - 1 9 7 






T £31 1 111 


15 




f.lv- 19 9 






Ala --iUU 










S2 


His-15 


20 




Gln-16 






Trp-52 






Glu-66 






Asp- 81 






Leu- 82 


25 




Lys-83 






Lys-83 






Ser-104 






Arg-125 






Ser-147 


30 




Arg-150 






Lys-151 



S3 



35 



Gln-15 
Gln-16 
Tyr-82 
Arg-83 
Ser-104 



40 



Arg-12 5 
Arg-150 
Arg-151 



S4 



45 



50 



Asp - 1 

Tyr-4 

Gly-60 

Ser-61 

Glu-65 

Ar g -69 

Thr-88 

Pro-93, 



S5 



55 



Thr-51 
Asp- 54 
Thr-55 
Gly-58 
Ser-62 



or is at least one amino acid residue located from residues 184 to 203 of subunit S1 or located from residues 
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211 to 220 of subunit S1. 

33. The mutant pertussis hoJotoxin claimed in claim 32, wherein, in S1 subunit, 

- Phe-23 is substituted by Asp or Glu; 

- Ser-48 is substituted by Ala; 
5 - Val-51 is substituted by He; 

- Gln-127 is substituted by Ala or Asp; 

- Leu-131 is substituted by Lys or Arg; 

- Gly-199 is substituted by Val or Gin; 

- Ala- 200 is substituted by He; or 

10 - Phe-235 is substituted by Glu; and/or in S2 subunit, 

- His- 15 is substituted by Ala or Thr; 

- GIn-16 is substituted by Ala or Thr, 

- Trp-52 is substituted by Val; 

- Glu-66 is substituted by Ala or Lys; 
15 - Asp-81 is substituted by Ala or Ser; 

- Leu-82 is substituted by Ala or Glu; 

- Lys-83 is substituted by Glu; 

- Lys-83 is substituted by Ala; 

- Ser-104 is substituted by Ala; 
20 - Arg-125 is substituted by Ala; 

- Ser-147 is substituted by Thr; 

- Arg-150 is substituted by Sen or 

- Lys-151 is substituted by Sen and/or in S3 subunit, 

- Gln-1 5 is substituted by Ala or Thr, 
25 - GIn-16 is substituted by Ala or Thr 

- Tyr-82 is substituted by Ala or Val; 

- Arg-83 is substituted by Glu; 

- Ser-104 is substituted by Ala; 

- Arg-125 is substituted by Ala; 

30 - Arg-150 is substituted by Sen or 

- Arg-151 is substituted by Sen and/or in S4 subunit, 

- Asp-1 is substituted by Ala; 

- Tyr-4 is substituted by Ala or Val; 

- Gly-60 is substituted by Val; 
35 - Ser-61 is substituted by Ala; 

- Glu-65 is substituted by Ala; 

- Arg-69 is substituted by Ala; 

- Thr-88 is substituted by Val; or 

- Pro-93 is substituted by Ala; and/or in S5 subunit, 
40 - Thr-51 is substituted by Tyn 

- Asp-54 is substituted by Glu; 

- Thr-55 is substituted by Tyn 

- Gly-58 is substituted by Val; or 

- Ser-62 is substituted by Ala; or in residues from 21 1 to 220 of subunit S1 , at least one amino acid con- 
45 tributing to recognition by proteolytic enzymes is modified; or in residues from 1 84 to 203 of subunit S1 , 

at least one amino acid is modified to render the same more hydrophilic. 

34. A mutant pertussis holotoxin, characterized by at least one additional amino acid is provided at the'C- 
terminal end of the S1 subunit. 

35. The mutant pertussis holotoxin claimed in claim 33, wherein said at least one amino acid is a negatively- 
50 charged amino acid. 

36. The mutant pertussis holotoxin claimed in claim 34, wherein said negatively-charged amino acid is Asp 
or Glu. 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 7 
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(54) Modification of pertussis toxin 

(57) The three-dimensional structure of crystalline 
pertussis holotoxin (PT) has been determined by X-ray 
crystallography. Crystal structures have also been de- 
termined for complexes of pertussis toxin with mole- 
cules relevant to the biological activity of PT These 
three-dimensional structures were analysed to identify 
functional amino acids appropriate for modification to al- 
ter the biological properties of PT Similar procedures 
may be used to predict amino acids which contribute to 
the toxicity of the holotoxin, to produce immunoprotec- 
tive, genetically-detoxified analogs of pertussis toxin. 
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